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Abstract
Accurate water concentration estimates are a modeling parameter that has been 
elusive. The need for time integrated estimates o f the bioavailable fractions o f persistent 
bioaccumulative and toxic substances has been difficult to approximate due to the lack of 
reliable sampling techniques. This thesis examined the utilization of mussels as 
quantitative biomonitors of polychlorinated biphenyl concentrations in water. A species 
of freshwater mussel, Elliptio complanata was calibrated to determine polychlorinated 
biphenyl elimination rates under both laboratory and field conditions. Elimination rate 
constants for non-Aroclor PCBs were investigated and compared with a previously 
published relationship for Aroclor PCBs in the same species. The investigation found 
that mussels allowed to depurate under an array o f environmental conditions and 
deployment times exhibited similar elimination kinetics. (fo= -0.59(±0.05)-LogAT>w + 
2.05(±0.28)(0’Rourke et al. 2004); k2 = -0.44(±0.10)-Log£ow +1.3(±0.67) (Laboratory 
depuration study)). Sensitivity analysis indicated that the expected error associated with 
the steady state correction term would be less than 3 and 2 fold for PCBs with log Kow>
7 when biomonitors are deployed for periods o f 60 and 90 d, respectively. This indicates 
that errors associated with toxicokinetic parameters as determined under laboratory 
conditions are small and should contribute little error in the extrapolation o f chemical 
residues measured in the biomonitor to ambient environmental concentrations. Having 
established the elimination kinetics o f E. complanata, a spatial survey o f contaminant 
trends in the Detroit River region was undertaken. The survey encompassed the entire 
river length, exhibited equal sampling sites in Canadian and U.S. waters and included 
replicate temporal sampling during the months o f July-September 2002. Results
iv
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indicated that the western shore exhibited higher levels o f PCB contamination (10.07 ± 
2.21 jug-g'1 lipid) and that both the downstream (below Trenton Channel; 15.03 (±4.14) 
pg/g lipid) and upstream portions (Ambassador Bridge; 26.87 (±3.38) jug/g lipid) of the 
U.S. portion of the river had regions of increased contaminant loadings. The Canadian 
shoreline showed a significantly lower level of contamination (1.71 ±0.53 jug-g'1) and 
fewer hotspots than its U.S. counterpart.
Overall, this thesis demonstrated the application and utility of freshwater mussels 
as quantitative biomonitors of bioavailable residues o f PCBs in the water column. The 
technique provides an economical means of deriving replicated, spatially intensive 
sampling o f time integrated environmental residues necessary to calculate chemical 
loadings to and from a system and to apply to food web bioaccumulation models. This 
thesis also demonstrated thatfi. complanata tracked similar spatial gradients o f PCBs 
within the water column of the Detroit River as other water sampling techniques 
including large volume water extractions and semi-permeable membrane devices. As 
such, biomonitoring programs can be readily integrated with more laborious and costly 
water quality surveys currently being implemented in many Great Lakes monitoring 
programs.
v
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Chapter I - General Introduction
1.1-General Introduction
There is an increasing demand by environmental managers to implement 
continuous monitoring of water quality in Great Lakes Areas o f Concern (IJC, 1997). 
Such an approach is important in identifying point sources o f contamination, assessing 
the success of remedial/cleanup activities, and to provide data for the application of 
environmental fate and food web bioaccumulation models. The latter modeling exercises 
often involve the compilation of fragmented data from compartments o f a system and 
organisms living within them to allow the interpretation and extrapolation o f contaminant 
trends over space and time and to assess ecosystem risks associated with in-place 
contaminants and loadings to the system. Environmental models are often limited by the 
scarcity of data required as input parameters, leading to decreased accuracy of model 
simulations (Kirchner et al., 1996, Mackay, 1989). In order to satisfy the needs o f risk 
based modeling approaches it is critical that methods be developed for the collection of 
input data over appropriate spatial and temporal scales. Preferably, such techniques 
would also be relatively uncomplicated and economical to allow the implementation of 
long term monitoring studies at selected field stations that could be integrated with less 
frequent high spatial resolution investigations.
In addition to inputs needs for risk-based modeling, it is also essential to 
characterize chemical exposures to biota and thus define bioavailable concentrations of 
chemicals in waters o f contaminated systems. Although direct measurements o f water 
contamination and passive sampling techniques are often used as surrogate measures to
1
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estimate bioavailable water contamination, it is only through the use of calibrated 
biomonitors that a true determination of bioavailable residues can be made. This thesis 
describes the calibration of the freshwater mussel Elliptio complanata as a quantitative 
biomonitor o f ambient bioavailable residues of polychlorinated biphenyls in the Detroit 
River Area of Concern (AOC).
Chemicals in the environment behave according to their individual 
physical/chemical properties and are influenced by a number of environmental factors 
such as temperature, pH, dissolved organic carbon, total suspended solids and organic 
carbon reservoirs within the sediment (Jepsen and Lick, 1996, Burkhard et al., 1985, Tye 
et al., 1996, Weng et al., 2002). Risk-based approaches are increasingly used to define 
chemicals of concern that are able to persist in an environment (eg. exhibits lower 
volatization, abiotic transformation and biodegradation) and have the potential for 
bioaccumulation (EPA, 2002). Hydrophobic organic contaminants (HOCs) tend to 
partition to the organic phases of a system (Abbott et al., 1995), this includes the 
accumulation o f chemical in organic carbon enriched sediments, dissolved organic phase 
and the lipid phase of organisms (Pavlou and Dexter, 1979). In addition, highly 
hydrophobic chemicals (Log Kow >6) can potentially undergo foodweb biomagnification 
as a result o f dietary absorption of contaminants via prey items (Gobas et al., 1993). The 
tendency of HOCs to bioaccumulate has lead to many laboratory (Drouillard et al., 1996, 
Quiao et al., 2000) and field (Cobb et al., 2002, deBrito et al., 2002, Henriksen et al., 
2001) experiments to identify their fate within a perturbed system, as well as potential 
routes of uptake by resident organisms. It is not possible to monitor all potentially 
hazardous organic contaminants within a system. There are many emerging HOCs of
2
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concern that are still not well understood with respect to their environmental fate upon 
their release into the environment. To remedy this, representative chemicals are typically 
selected within a system, for example polychlorinated biphenyls (PCBs) are often 
selected because of their range of chemical and physical properties. The fate and 
bioaccumulation o f other classes of HOCs are often extrapolated from the behaviour of 
these reference compounds provided both chemical classes exhibit comparable 
persistence with respect to abiotic and biotic degradation processes.
1.2 - Polychlorinated Biphenyls
Polychlorinated biphenyls (PCBs) have been a contaminant o f concern since their 
wide-spread detection in the global environment (Jensen, 1966) and their continued 
presence after their banning in 1977. Apart from polychlorinated dioxins, PCBs are 
among the most widely characterized environmental contaminants and have become a 
priority to many environmental organizations based on their potential health hazards and 
ecological risks.
PCBs consist of a biphenyl ring with between 1 and 10 chlorine substitutions.
The number and position of chlorine substitutions allows for a total o f 209 possible 
congeners. The number and position of chlorine substitutions influences the congener’s 
physical properties, the more chlorinated a congener the more hydrophobic it is and the 
more likely it is to partition out o f the water phase into the organic phases within a 
system (Mackay, 1982). The hydrophobicity o f a chemical is inversely related to its 
water solubility and is proportional to the n-octanol/ water partition coefficient (Kow).
3
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As such, the chemical Kow  is often used as a surrogate parameter to estimate the 
bioaccumulation potential of contaminants that are resistant to biotransformation. The 
Kow of PCBs ranges from 105 to 108 and overlaps the Kow  range of a wide variety of 
other HOCs including chlorinated pesticides, chlorinated benzenes, polychlorinated 
dioxins and furans, as well as many brominated flame retardants
Chemical properties associated with PCBs that made them ideal for industrial use 
are now seen as problematic upon their release into the environment. Their low reactivity 
and resistance to biodegradation allow them to persist in all environmental media. PCBs 
have low water solubility (1.2 x 10'6 - 5.94 g/m3) (Shiu and Mackay, 1986) and low 
vapour pressure (5.0 x 10-8 -  2.43 Pa) (Shiu and Mackay, 1986) that facilitates partitioning 
and accumulation of congeners to organic components in the environment, such as soil 
and sediment (Swackhamer and Skoglund, 1991).
PCBs are conceptualized to occur in three phases within the sediments and 
overlying water; freely dissolved chemical, particulate associated chemical and chemical 
associated with dissolved organic matter (DOM) (NRC, 2001). The relative abundance 
in each phase is driven by the water and organic phase solubility of the chemical and 
differences in partition capacity of each phase. Dissolved congeners and particulate 
(edible particles) associated PCBs are considered the most predominant exposure 
pathways to many aquatic organisms (Shiu and Mackay, 1986, Bjork and Gilek, 1997, 
Chu et al., 2000). Dissolved congeners are accumulated by exchange across the gill 
surface. Particulate associated PCBs are not considered available for uptake across the 
gill surface but may be accumulated following ingestion and dietary assimilation of 
ingested organic matter (Gobas et al., 1993, Quiao et al., 2000). Chemicals associated
4
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with DOM has been shown to be less bioavailable (Bruner et al., 1994, Bjork and Gilek, 
1997). Benthic invertebrates differ from pelagic organisms in that the close association 
of benthic invertebrates with sediment particles can result in a significant source of 
uptake to organisms residing in proximity to contaminated sediments (Drouillard et al, 
1996). It is the surficial sediments that tend to exhibit the highest levels o f contamination 
at sites where historical inputs o f PCBs have occurred. Although sediments are known to 
act as a sink for hydrophobic organic contaminants such as PCBs, they have also been 
shown to readily bioaccumulate in the biotic compartment o f a system possibly through 
the transfer of contaminants to benthic invertebrates at the base of the food web 
(Morrison et al., 1998).
Many studies have been performed to quantify the impact o f PCBs on a variety of 
aquatic organisms. Benthic organisms are considered at increased risk because they are in 
constant contact with contaminated sediments and pore waters (Ankley et al., 1992,
Boese et al., 1997). As benthic organisms are prey items for many fish species, they can 
transfer contaminants to higher trophic levels in the food web, a phenomenon known as 
biomagnification (Berg et al., 1996, Gobas et al., 1993, Oliver and Niimi, 1988, Russell 
et al., 1999). It is by this process that many top predators accumulate PCBs at greater 
fugacity than are measured in the surrounding abiotic environment.
Biomagnification poses a risk to humans mainly through the consumption of sport 
fish residing in contaminated sites such as AOCs in the Great Lakes. Hanrahan et al. 
(1999) correlated consumption of Great lakes sport fish with higher PCB body burdens in 
humans. PCBs have been designated as critical contaminants in many AOCs, including 
the Detroit River and Lake Erie lakewide management plan (LaMP), because they are
5
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responsible for a majority o f sport fish consumption advisories issued for the protection 
of human health. In order to address this beneficial use impairment, via the 
implementation of point source control measures or dredging of contaminated sediments, 
it is necessary to first characterize the relative importance of water and/or contaminated 
sediments as food web exposure pathways. The approaches necessary to accomplish this 
are varied, but include comprehensive monitoring programs for water and contaminated 
sediments, point source identification and potentially the utilization o f calibrated 
biomonitors to characterized bioavailable residues at different locations within a system.
1.3 - PCB Contamination in the Detroit River System
The Detroit River is a 51 km channel that links Lake St. Clair to Lake Erie. It is a 
highly industrialized and urbanized river with over 14,000 commercial and industrial 
dischargers(UGLCCS, 1988, DRCCC, 1999). Beneficial use impairments such as 
restrictions on fish and wildlife consumption, degradation of benthos, restrictions on 
drinking water consumption or taste or odor problems as well as fish tumors and other 
deformities has led the International Joint Commission (IJC) to designate the Detroit 
River as an Area of Concern (AOC) in 1987. It is the recipient of contaminated water 
and sediments from three other Areas o f Concern: the St. Clair River, the Clinton River 
and the Rouge River, which contribute to non point source contamination of the system. 
As well as receiving contaminated water and sediments, the Detroit River is the largest 
contributor o f pollutants to Lake Erie (Stevens and Neilson, 1989, Suns et al., 1993, 
Carter and Hites, 1992); estimates have placed a total mass transport of PCBs to Lake
6
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Erie at 600 kg/yr (Froese et al., 1997). The major organic contaminants in both the 
Detroit River and western Lake Erie are PCBs (Froese et al., 1997, Pugsley et al., 1985), 
p,p’DDT, p,p’DDE,(Thomley and Hamdy, 1985) and hexachlorobenzene (Kauss and 
Hamdy, 1985). Elevated levels of dieldrin, chlordane, and endosulfan have also been 
detected (IJC, 1983). Although sediment is the prevalent sink for PCBs within the 
Detroit River (Platford et al., 1985), PCBs have been detected in biota, water, suspended 
solids, surficial sediments and surface microlayers (Kaiser et al., 1985). There have been 
many studies performed to discern the spatial distribution of chemical contamination 
along the length o f the Detroit River particularly in the sediments (Fallon and Horvath, 
1985, Kaiser et al., 1985, Kauss and Hamdy, 1985, Pugsley et al., 1985, Furlong et al., 
1988, UGLCCS, 1988, Maccubbin et al., 1990, 91, Carter and Hites, 1992, Jepsen and 
Lick, 1996, DRCCC, 1999, Metcalfe et al., 2000, DRMMF, 2002, EPA, 2002). Furlong 
et al. (1988) identified the Trenton channel as a significant deposition zone, with areas of 
high sediment contamination in the mid region of the channel, indicating input sources 
upstream or within the channel or the accumulation of fine-grained PCB enriched 
sediment depositional zones. Sites o f significant PCB contamination within sediments 
have also been identified both upstream and downstream of the Trenton channel (Kaiser 
et al., 1985, Kannan et al., 2001, DRMMF, 2003) indicating that multiple sources of 
contamination are contributing to the sediment transport through the Trenton channel and 
U.S side of the river.
All trophic levels within the Detroit River have been shown to be influenced by 
PCB contamination. Benthic assemblages have been altered along the U.S. shores, and 
tend to be dominated by pollution tolerant oligochaetes (Thomley and Hamdy, 1985,
7
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
UGLCCS, 1988, Davis and Hudson, 1991). Forage fish have shown marked declines in 
PCB concentrations since the 1980’s but still exhibit body burdens that exceed tissue 
residue guidelines (Suns et al., 1993). Top predators, such as walleye and bass are still 
subject to consumption advisories for the protection of human health due to levels of 
PCBs found in their tissue. Owing to the predominant number of sport fish consumption 
advisories related to PCB concentrations (MOE, 2001), this class o f chemicals has been 
listed as a priority pollutant in the Detroit River and Lake Erie. Surveys performed by 
Environment Canada in 2002 and 2003 have detected water concentrations o f PCBs ten 
times that of the USEPA water quality criteria (O.nng-L'1) for the protection o f human 
health from water and fish consumption within the Trenton channel and greater than two 
times this standard in the Amherstburg channel region of the Detroit River (McCrea et 
al., 2003). Froese et al. (1997) also reported PCB concentrations in the Trenton channel 
region which exceed this guideline (mean total PCB concentration was 10 ng/L). These 
findings reinforce the importance of establishing management strategies for the 
monitoring and remediation o f areas exhibiting increased levels o f PCB contamination.
In order to facilitate modeling of ecosystem risks imposed by PCBs it is 
necessary to have comprehensive data on water and sediment PCB concentrations, as 
well as the fraction of chemical that is available for uptake by different species of 
organisms. Although there have been a few studies implemented to quantify PCBs in 
water o f the Detroit River (Kaiser et al., 1985, Froese et al., 1997, Metcalfe et al., 2000, 
Gewurtz et al., 2003, McCrea et al., 2003), the use o f different techniques for determining 
PCB concentrations in water continue to confound attempts to compile and interpret a 
full database on water quality. The restricted spatial scope of many o f the above studies
8
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especially when contrasted with contaminated sediment surveys also prevents meaningful 
identification of point source inputs within the Detroit River. For example, some studies 
have implemented an upstream/downstream sampling design (Froese et al., 1997;
McCrea et. al., 2003) to identify the presence of sources and establish annual loadings to 
Lake Erie but failed to characterize locations of major PCB sources within the Detroit 
River. Furthermore, the complex hydrology o f the Detroit River, owing to the presence 
of several islands, tributary inputs, outfalls and dredged shipping channels, necessitates 
careful selection o f sample station locations such that chemically distinct water masses, 
which exhibit differences in flow rate, water/sediment contact time, or outflow dilution, 
are considered in the PCB loading calculation (UGLCCS, 1988). Such factors can best 
be taken into account by including several stations within a sampling design that 
considers both spatial and hydrological strata. The importance of a spatially explicit 
design can be seen in a biomonitoring study performed by Gewurtz et al. (2003), where 
areas of high PAH and PCB contamination were established in the Detroit River. In this 
study ten sites were analyzed and the Trenton channel was noted as an ongoing site of 
increased contamination. The City o f Windsor has a well established mussel 
biomonitoring program with a large spatial distribution o f Canadian sites which has been 
useful in the identification of previously undetectable point sources o f contamination in 
areas such as Little River and Turkey Creek. Chapter three o f this thesis provides the 
most comprehensive survey of PCB concentrations in water o f the Detroit River to date 
by implementing a biomonitoring survey at twenty four sampling locations distributed 
throughout the river length, along the U.S and Canadian waters and in several 
hydraulically distinct channels.
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1.4 - Measurement of PCB Concentrations in Water
1.4.1. Direct Water Sampling
There are few researchers who undertake the laborious task o f directly measuring 
concentrations o f hydrophobic organic chemicals in water (Tran and Zeng, 1996, Froese 
et al., 1997, Jarman et al., 1997, Bruhn and McLachlan, 2002, Dinkins and Heath, 2002). 
However, large volume water sampling remains the standard method for assessing water 
quality associated with PCB contamination. In the past, researchers have collected large 
volumes of water (in excess o f 100 litres) and extracted residues in the field (Petrick et 
al., 1996) or transported the sample back to the laboratory for extraction using a liquid/ 
liquid extraction (Gomez-Bellnchon et al., 1988). This approach is both cumbersome and 
has the potential for sample contamination during transportation and sample handling. 
Current methods include pre-concentration techniques that simultaneously filter and 
pump water over a solid phase extraction (SPE) disk (Sun et al., 2002) or XAD-2 resin 
columns (Gomez-Bellnchon et al., 1988, Roe Utvik et al., 1999) on site, aboard a 
research vessel. Field sampling reduces transport and contamination problems, but may 
require the vessel to remain on-site for several hours to pump sufficient water and enable 
detection of trace PCB levels.
When interpreting water concentration data in a dynamic system such as a flowing 
river, it must also be kept in mind that large volume sampling only represents the 
concentration in water at a single point in time. Temporal fluctuations in contaminant
10
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concentrations in water often occur due to changes in flow rate during storm events 
(Froese et al., 1997, Bruhn and McLachlan, 2002), variations in loadings from point 
source releases or other disturbances (e.g. spills). In addition, changes in the proportion 
of chemical associated with dissolved, DOM-associated and particulate phases can occur 
over time as a result o f variations in organic carbon inputs (Froese et al., 1997). Failure 
to account for these variations in water quality can result in the over or underestimation 
of annual average water concentrations and produce inaccurate loadings estimates. In 
order to establish a time integrated measure of chemical concentrations within the water, 
an extensive sampling regime must be implemented, which can often exceed the budget 
of many monitoring programs. Finally, with these sampling techniques it is difficult to 
get an estimate o f the bioavailable fraction of chemical, being the portion o f chemical 
that is available for uptake by an organism. Researchers can separate the particulate 
matter from the freely dissolved and DOM-associated phases by filtration, but can only 
estimate the portion of contaminants in the freely dissolved phase using equilibrium 
partition calculations (Crunkilton and De Vita, 1997).
Large volume water sampling has been carried out in an array of studies within the 
Detroit River. Environment Canada has characterized the upstream/ downstream 
gradient within the Detroit river through sampling at three sites (McCrea et al., 2003). 
While this is an important finding, it is difficult to identify contaminant sources or 
implement management strategies based on this information. Froese et. al.(1997) focused 
a study on the Trenton Channel region of the river, with multiple samples being taken 
during a one-year period. Findings from this study indicated that short term variability in
11
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PCB concentrations detected via large volume water sampling may be significant and 
should be considered when developing models and using such data as input parameters.
1.4.2. Semi-permeable Membrane Devices. (SPMDs)
The development of membrane based passive samplers arose out of the need for 
low-cost, time-integrated methods o f sampling dissolved chemical concentrations in 
water. SPMDs consist of a synthetic polyethylene membrane filled with a known 
quantity of triolein, a synthetic lipid with similar properties to lipids found in aquatic 
organisms. SPMDs are deployed in the water column and allowed to equilibrate with the 
surrounding environment (Huckins et al., 1990), generally for periods ranging from two 
weeks to 30 days. The uptake of chemical into the SPMD is considered to occur as a 
result of passive diffusion between water and the hydrophobic phase enclosed within a 
semi-permeable polymeric membrane. The partitioning capacity o f the SPMD for a 
hydrophobic chemical can be estimated from the octanol/water partitioning coefficient 
(.Kow) o f a compound (Petty et al., 2000) since triolein and octanol exhibit similar 
properties (Chiou, 1985). An advantage o f SPMDs is that the pore size (5-10A; Huckins 
et al. 1993) o f the polymer membrane effectively prevents diffusion o f DOM and 
particulate organic carbon (POC) associated chemical. As such, SPMDs are thought to 
track the dissolved fraction of HOCs, and can be used as indicators o f bioavailable (freely 
dissolved) concentrations of chemicals when gill uptake dominates the exposure pathway 
of biota (Huckins et al., 1990). SPMDs have been used to monitor aqueous residues of 
PCBs, organochlorine pesticides, polychlorinated dibenzo-p-dioxins, polycyclic aromatic
12
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hydrocarbons and other hydrophobic pollutants of concern (Prest et al., 1995, Sabaliunas 
et al., 1998, Rantalainen et al., 2000, Bruhn and McLachlan, 2002, Luellen and Shea, 
2002 ).
In order to correctly interpret the environmental concentrations derived from 
SPMDs, the exchange kinetics o f chemical between the sampler and water must be 
understood. There are a variety of environmental factors that influence the time required 
for the sampler to reach equilibrium with its surrounding aqueous phase and the rate of 
exchange of contaminants into SPMDs. Temperature has been shown to affect the rate of 
chemical uptake in SPMDs whereby chemicals can be expected to accumulate more 
slowly at lower temperatures (Rantalainen et al., 2000). For example Booij et al. (2003) 
found that sampling rates o f SPMDs held at 30°C were a factor of 3 higher than those 
samplers maintained at 2°C, implying that variation due to temperature hinders the ability 
to compare SPMD residues sampled over large geographical or temporal scales. Water 
flow rates has also been shown to alter the exchange rate o f chemical between SPMD and 
water (Vrana and Schuurmann, 2002), where conditions of low flow decreased the 
exchange rate by a factor o f three (Booij et al., 1998). The fraction o f suspended solids in 
the water column has been shown to influence the exchange o f contaminants with time 
(Rogers, 1997); it leads to membrane fouling that can retard chemical interactions with 
the synthetic membrane. Richardson et al. (2002) examined the effects o f biofouling on 
the uptake o f trace organic contaminants by SPMDs and found a 50% reduction in the 
uptake of contaminants under high fouling conditions, as would be experienced in field 
conditions with high turbidity.
13
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Due to the combined effects o f temperature, flow rate and biofouling on 
variability in chemical exchange it is necessary to calibrate SPMDs to an individual 
environment. Huckins et al. (2002) suggested the use o f an in-situ calibration technique 
that uses performance reference compounds (PRCs) to address variations in chemical 
kinetics experienced by SPMDs during their deployment. PRCs are non-interfering 
organic compounds spanning a range of hydrophobicities overlapping the analytes of 
interest that are added to the triolein matrix of an SPMD prior to deployment. The 
application o f PRCs is based on the assumption that PRCs dissipate at rates proportional 
to uptake rates:
K = k 2-Kmw (1)
where ki and k2 are the chemical specific uptake and elimination rate constant (d'1) 




where CspMD(SS)is the concentration (ug-g spmd"1) o f PRC in the SPMD once it has 
reached steady state, and Cwis the concentration (ug-L‘‘) o f PRC in the water.
The change in chemical concentration in an SPMD with respect to time is modeled 
according to a one-compartment model:
d C SPMD(ss) _  , r  r-ft! ft2 *̂ SPMD fJj
at
Assuming Cw is constant and ki and k2 are first order rate constants, the solution to 
equation (3) is given as:
CSPMm= C w-K mw{ \ - e - k2‘) (4)
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The in-situ elimination rate constant (k )̂ is estimated by empirically determining the 
amount of PRC retained following deployment using the following expression:
k2 = -  In
f C ^
S P M D - P R C ( t )
r
S P M D - P R C (O )
It (5)
where C s p m d -p rc (x )  is the concentration of PRC in the SPMD at time 0  and time t. In 
practice, the in-situ kz is measured for several PRC compounds during the SPMD 
deployment in order to establish an empirical relationship between site-specific chemical 
exchange rates in the sampler and chemical hydrophobicity. This relationship is 
extrapolated to the analytes of study in conjunction with measured analyte concentrations 
in the SPMD and equations 2 and 4 to estimate Cw. Under the condition that PRCs are 
undetectable in the SPMD, it is assumed that the sampler has achieved equilibrium and 
Cw is estimated directly from equation 2. If PRCs were not significantly lost over the 
course of the deployment one could state that measured analytes o f equivalent or greater 
Kow to PRCs were accumulating and present in the water, but due to slow kinetics no 
estimate of Cw could be made. Findings by Huckins et al. (2002) indicate that the use of 
PRCs to compensate for non-equilibrium chemical accumulation provides Cw estimates 
that are within 2 fold o f directly measured values.
With the use of PRCs to determine the system specific chemical exchange rates, a 
more accurate, time integrated estimate o f contaminant concentrations in water is 
possible. For some highly hydrophobic chemicals, chemical exchange rates may be so 
slow as to prevent significant loss of PRCs from the sampler over a reasonable sampler 
deployment time (eg. 30 days). Under these circumstances, the SPMD may be useful as a 
relative qualitative sampler but cannot yield Cw estimates. To date the application of
15
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
PRCs in SPMD field exposures is fairly limited. Booij et al. (2001) concluded that PRCs 
were an asset to the analysis of SPMD data, but that the acquisition of samples at 
different temperature regimes is still a hindrance to the interpretation of gradients 
reported by field studies utilizing SPMDs.
There are still concerns about the accuracy of estimates of bioavailable 
contaminant concentrations derived from passive samplers. SPMDs presumably sample 
the dissolved phase o f chemical within water; but cannot take into consideration uptake 
from particulate matter which has been suggested to be a potentially significant route of 
exposure in some lower aquatic organisms (Metcalfe et al., 2000). Future research to 
understand membrane kinetics as well as comparisons with direct water data is necessary 
for correct interpretation o f data collected using this method.
Metcalfe et al. (2000) used SPMDs to examine the potential o f hydrophobic 
organic contaminants to partition from sediments into the aqueous phases in the Detroit 
River. They found elevated levels o f compounds such as DDT, PCBs and PAHs in the 
Trenton Channel region o f the Detroit River. Also noted was the correlation between 
mean concentrations o f contaminants in sediments and SPMDs at each site; from this it 
was concluded that contaminants partition between the sediments and the dissolve phase 
within the Detroit River system. Another field study applied by Bennett et al. (1996) 
utilized SPMDs to detect sites o f elevated contamination within the Otonabee River (ON, 
Canada) and reported the presence o f point sources in the downstream reaches of this 
system. However, this study did note that temporal patterns reported therein were subject 
to enhanced accumulation of contaminants due to increases in water temperature, and that 
their application as temporal monitors may be affected by site specific conditions.
16
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1.4.3 Biomonitors
Biomonitors are resident organisms that are used to estimate environmental 
conditions based on the concentrations o f chemical residues measured in their tissues. 
Phillips (1977) developed criteria for the selection o f organisms for use as biomonitors. 
It was suggested that biomonitors should a) accumulate pollutants without being killed 
by the levels encountered, b) be sedentary in order to represent local conditions, c) be 
of reasonable size giving adequate tissue for analysis and d) exhibit a high 
accumulation factor relative to water/sediment for chemicals o f interest. Mussels have 
been widely adapted as biomonitors since they possess most o f the characteristics 
described above. Mussels are sedentary filter feeders that are exposed to contaminants 
dissolved in water or that are associated with edible suspended particles. They are 
sedentary with low biotransformation capacity towards PCBs (Peven et al., 1996, 
Gewurtz et al., 2002) and readily bioaccumulate hydrophobic organic contaminants to 
quantifiable levels that would otherwise be undetectable in the water phase (Pugsley et 
al., 1985).
The application of mussel biomonitors has been used with success in a number of 
marine (Prest et al., 1995, Peven et al., 1996, Hofelt and Shea, 1997) and freshwater 
studies (Pugsley et al., 1985, Morrison et al., 1995, Salazar and Salazar, 1997, Bemy et 
al., 2002, Gewurtz et al., 2002) to monitor for a variety o f heavy metals and trace organic 
contaminants.
In the simplest case, biomonitors are used as qualitative indicators o f  
environmental residues by contrasting chemical concentrations measured in native fauna
17
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
collected at different sites or times (Pugsley et al., 1985). Quantitative biomonitors 
however, must be calibrated for each species and chemical o f interest to estimate ambient 
environmental residues. Calibration involves the laboratory determination of uptake and 
elimination kinetics o f chemical in the animal (Russell and Gobas, 1989). In essence 
chemical bioaccumulation by mussels is modeled using similar approaches as described 
for SPMDs with the exception that exposure from food may also occur. Assuming that 
chemical is accumulated by passive partitioning and stored within the lipid phase of the 
organism, the change in chemical concentrations within mussel biomonitors can be 
defined as:
^  (6)
where k\ and kf00cj are the uptake rate constant from water (ml-gijpjd'1 -d'1) and food 
(gfood •giiPid'1,d'1), k2 is the whole body elimination rate (d'1) and Cw, Cf00d and Cm are the 
chemical concentration in water (/xg-mf1), food (jUg-gfood'1) and mussel (/xg-g lipid"1) 
respectively. Assuming ki, k2, and kf00(j are first order processes and Cw and Cf00d remain 
constant during deployment, the analytical solution to eq. (6) can be expressed as:
(&i • Cw + kjood • Cf00d) 
k ,
C  —  V ‘ ~ W JOOa ~ JOO“  ’  ( \  a ~ k 2 t  ^
^ m ( t )  ~  ,  ' \ l e )  \ > )
'-I
For animals that have achieved steady state, eq (7) can be simplified to:
r ,  _ { k l ' C w +  k fo o d  ‘ C f o o d )
2
The steady state bioaccumulation factor can be defined by re-arrangement of eq (8):
BAF =
r C ^m (ss)
rv w y
r h- k  C  N*t\ fo o d  food
(9)
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Substituting eq (9) into (7) and solving for Cw results in:
Cw = Cm(l)  -----------— (10)
() BAF ( l - e  )
From eq (10), the time integrated chemical concentration in water can be estimated 
from the measured analyte concentration in the biomonitor and time o f deployment 
following calibration o f the biomonitor to determine analyte specific toxicokinetic 
parameters: BAF and 1(2.
The steady-state BAF can be measured using laboratory studies to independently 
characterize toxicokinetic parameters: ku kfoad and and the field measured analyte 
concentration in ingested food. However, such an approach is rarely utilized owing to a 
lack of data on uptake rate constants and difficulties in the collection and analysis o f  
edible particles o f mussels which typically demonstrate highly selective feeding 
behaviours (Berg et al., 1996, Hawkins et al., 1998, Wong and Cheung, 2001)
To circumvent these problems, several studies using mussel biomonitors have 
explicitly assumed that chemical exposures from ingested particles is negligible 
compared to exposure to contaminants in water (Pruell et al., 1986, Tanabe et al., 1987, 
Bruner et al., 1994, Morrison et al., 1995, Gewurtz et al., 2002). Under this condition, 
the BAF approximates the bioconcentration factor (BCF), which is defined as the steady 
state animal/water concentration ratio when the organism has been exposed to chemical 
only through water. Previous laboratory investigations have validated that the lipid 
normalized BCF o f hydrophobic organic chemicals in mussels can be estimated from the 
n-octanol/ water partition coefficient (Russell and Gobas, 1989, Hawker and Connell, 
1986) in a similar fashion to the Kmw o f SPMDs whereby:
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However, few studies have verified the assumption that BAF=BCF under field 
conditions. In cases where food exposures contribute significantly to the total organism 
chemical body burden, substitution o f BCF in place o f BAF in eq. (10) will result in an 
overestimation of freely dissolved Cw (DRMMF, 2002). Despite the above uncertainties 
in estimating freely dissolved water concentrations, the steady state corrected mussel 
concentration should provide an accurate measurement o f bioavailable concentrations 
experienced by filter feeders at the base of the food web. Thus, biomonitors track 
available chemical derived from water and/or ingested particles and therefore may yield 
somewhat different estimates o f Cw compared to large-volume water extractions (freely 
dissolved plus DOM-associated contaminant) and SPMDs (freely dissolved fraction). 
According to eq (10), k.2 is the critical toxicokinetic parameter necessary to correct time 
dependent accumulated residues measured in the biomonitor at the time o f its retrieval to 
a steady state concentration value.
Previous studies have established the elimination rate constants for PAHs, 
(Gewurtz et al., 2002) hexachlorobenzene, octachlorostyrene (Russell and Gobas, 1989) 
and PCBs (O'Rourke et al., 2004) in the freshwater mussel Elliptio complanata and have 
demonstrated that o f hydrophobic organic contaminants is a function of chemical Kow. 
Some concerns have been raised as to whether k.2  estimates determined in laboratory 
settings are applicable in the field (Hofelt and Shea, 1997, Petty et al., 2000). There are a 
number of biotic and abiotic factors that can affect the rate o f filtration and hence the 
uptake and elimination kinetics in field deployed mussels. Biotic factors include 
variation in age, sex, size, nutrition and physiological state. Lipid content in marine
20
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mussels have been shown to be seasonally related, particularly after spawning when lipid 
contents have been shown to decrease up to 50% (Bruner et al., 1994). Since lipid is the 
primary storage site for HOCs, this variation in lipid content may influence contaminant 
toxicokinetics in some species. Body size also influences the respiration and feeding rate 
of mussels. Differences in metabolic demands cause marked differences in the rate of 
accumulation amongst mussels o f different size classes (Muncaster et al., 1990, Bruner et 
al., 1994). In stressed environments organisms may reduce or increase filtration rates as 
a behavioural response (Bjork, 1995, Chen et al., 2001) presumably decreasing the 
magnitude o f fo.
Some o f the above confounding factors can be addressed by conducting 
transplantation experiments, as opposed to collecting individuals from a resident 
population (Beeby, 2001). Such an approach allows for greater control o f exposure 
times, limits variability due to organism size and physiological state as well as provides a 
time-integrated measure o f water quality over a time frame o f weeks to months rather 
than years. Yet variation in filtration rate and accumulation kinetics may still occur as a 
result o f uncontrolled factors such as temperature, anoxia and food quality experienced at 
a given deployment location. One potential approach would be to apply PRCs in the 
same manner as SPMDs to calibrate mussels under site specific in-situ conditions. To 
date these types o f studies have not been completed. Chapter two o f this thesis is 
concerned with quantifying the variability o f k.2 in laboratory and field depurated mussels 
(Ellipito complanata) using a similar in-situ PRC calibration approach as has been 
developed and described for SPMDs (Huckins et al. (2002); Section 1.4.2). The 
determination o f  ̂  values under a variety o f deployment conditions enables the first
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critical evaluation of errors that occur during the correction of time-dependent 
accumulated residues to steady state concentrations that result from variation in mussel 
filtration rates during the deployment period.
1.5 - Study Objectives
The objectives o f this thesis were to calibrate the freshwater mussel species, 
Elliptio complanata, as a quantitative biomonitor o f bioavailable residues for 
representative hydrophobic organic chemicals and to apply this species in biomonitoring 
surveys to determine spatial trends o f bioavailable PCB concentrations throughout the 
Detroit River.
Chapter 2 o f this thesis describes the calibration o f E. complanata, by determining 
the elimination rate constants (fo) for four non-Aroclor PCB congeners to establish a 
general relationship between k2 and Kow under laboratory conditions. The results were 
further compared with previously published relationships derived in the same species for 
Aroclor-PCBs (O'Rourke et al., 2004) to verify the applicability o f the selected PCB 
congeners as non-interfering performance reference compounds (PRCs) for use in field 
depuration studies. Depuration studies, using the selected non-Aroclor PCBs as PRCs, 
were then completed to compare laboratory elimination rate constants with in-situ 
elimination rate constants measured in mussels deployed at two locations within the 
Detroit River. This permitted the quantitation of variability in a critical toxicokinetic 
parameter necessary to calculate steady state biomonitor residues from time-dependent
22
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concentrations measured in the mussel at the time o f its retrieval. From such data, a 
sensitivity analysis was established to determine an optimum biomonitor deployment 
period that would minimize both the total deployment time and error associated with the 
steady-state correction factor.
Chapter 2 tested a number of specific hypotheses regarding PCB toxicokinetics in 
this mussel species:
1.- PCB elimination rate constants are dependent on the Kow o f the chemical.
2. - Non-Aroclor PCBs, which are not typically measured in technical PCB 
mixtures or environmental samples, exhibit similar toxicokinetic behaviour as 
Aroclor PCBs.
3. - PCB elimination rate constants in E. complanata are similar when mussels are 
depurated in field or in the laboratory.
Chapter 3 o f this thesis describes a spatial survey of bioavailable PCB residues in 
the Detroit River as determined through the deployment o f E. complanata at twenty four 
sampling locations within the river. Replicate mussels were deployed at each sampling 
station for 30, 60 and 90 days, and the time-accumulated residues measured in mussels 
from each site were converted to steady state mussel concentrations using toxicokinetic 
parameters calibrated for this species as described in Chapter 2. Spatial trends in steady- 
state biomonitor tissue concentrations within the Detroit River were contrasted with 
previous surveys o f water and sediment quality.
Chapter 3 tested a number of hypotheses regarding the spatial distribution of 
bioavailable PCB residues in the Detroit River:
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1. -  Bioavailable PCB residues are similar along the U.S. and Canadian sides of 
the Detroit River length.
2. -  Bioavailable PCB residues are similar at upstream, midstream and 
downstream locations within the Detroit River.
3. -  Spatial gradients in bioavailable PCB concentrations measured using mussel 
biomonitors are similar to spatial gradients determined for PCBs in water as 
determined using large-volume water sampling techniques.
Validation of hypotheses 1 and 2 would indicate a lack o f point source PCB inputs within 
the Detroit River. Validation of hypothesis 3 would indicate that mussel biomonitors 
provide a good surrogate measure o f water quality in addition to establishing bioavailable 
residues.
24
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
Chapter II - Com parison of PCB Elim ination Rate Kinetics in Elliptio 
Complanata in Field and Laboratory Anim als Using Perform ance 
Reference Com pounds
2.1 - Abstract
Biomonitors and passive samplers are frequently used to assess time-integrated 
environmental residues of persistent, bioaccumulative and toxic compounds within water. 
However, these methods often lack a kinetic understanding of chemical exchange rates 
between the sampler and water at a particular deployment site. In this study, PCB 
elimination kinetics were determined in the freshwater mussel E. complanata, under both 
field and laboratory conditions to compare chemical exchange rates in this common 
biomonitor species under different environmental conditions. Five PCB congeners 
(IUPAC# 7, 23, 61, 109, 173) were selected as performance reference compounds (PRCs) 
representing congeners not present in technical mixtures and which span a range of 
chemical hydrophobicities. Elimination rate constants (ki) o f the PRC-PCBs ranged from 
0.009-0.099 d'1 and exhibited a similar decreasing trend with increasing chemical Kow as 
previously reported for Aroclor-PCBs in this same species. No significant differences 
(p<0.05)were found between congener specific elimination rate constants determined for 
animals depurated in the laboratory and at two field locations, although for some 
chemicals, location specific estimates varied by as much as a factor o f 3. A sensitivity 
analysis was performed to determine the error associated with steady state correction 
factors contributed by variation in elimination rate constants. Errors in the extrapolated 
steady state correction factor could be expected to be as high as a factor o f 4 for highly
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hydrophobic chemicals (Log Kow  o f 7) when biomonitors are deployed for a period o f 30 
d, potentially necessitating the use of PRCs to correct for variation in in-situ filtration 
rates. This error can be decreased to a factor o f <3 and <2 following longer deployment 
times o f 60 and 90 d, respectively. Results indicate that PCB toxicokinetics in E. 
complanata remain relatively stable during field deployments and that PRCs are not 
necessary to correct for variation in in-situ elimination rates provided that long 
deployment periods on the order o f 60 to 90 d are employed.
2.2 - Introduction
The use o f sentinel species as surrogates o f their surroundings has become a 
popular method o f assessing environmental conditions (Boening, 1999, Beeby, 2001). 
Biomonitors, or organisms whose chemical body burdens are used as relative references 
of ecosystem quality, have been used with great success for a number o f years (Prahacs et 
al., 1996, Mossner and Ballschmiter, 1997, Weber and Goerke, 2003, Miglioranza et al., 
2004). Ravera (2001) published a review o f both terrestrial and aquatic accumulators of 
pollutants that included a list o f characteristics that make a specific organism suitable for 
use in biomonitoring studies. These traits include the ability to rapidly accumulate 
chemicals o f interest within their tissues with little metabolic transformation of chemicals 
of interest, long lived and tolerant enough to endure exposure to perturbed environments, 
as well as a sessile nature in order to be spatially definitive. Biomonitors should also be 
common within the environment, have enough tissue to provide adequate sample for 
chemical analysis as well as a slow growth rate to ensure minimal growth dilution. 
Mussels, both marine and freshwater, possess many of these traits making them ideal for
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biomonitoring studies (Kauss and Hamdy, 1985, Pugsley et al., 1985, Lee et al., 1996, 
Salazar and Salazar, 1997, Butcher et al., 1998, O'Connor, 2002, Ravera, 2001, Gewurtz 
et al., 2002, Richardson et al., 2003). In some cases, kinetics of chemical accumulation, 
biotransformation and depuration have been characterized for selected species and 
pollutants using controlled laboratory studies (Russell and Gobas, 1989, Gewurtz et al., 
2002). Very few studies have characterized chemical accumulation and depuration in the 
field (Tanabe et al., 1987, Morrison et al., 1995, Sericano et al., 1996, Gardinali et al., 
2004, O'Rourke et al., 2004). The latter research on toxicokinetics o f pollutants in 
mussels are necessary to provide insight into the biotic and abiotic factors affecting 
chemical exchange between the biomonitor and its surroundings (Russell and Gobas, 
1989, Sericano et al., 1996, Van Haelst et al., 1996, Birdsall et al., 2001, Uno et al., 2001, 
Yu et al., 2002, O'Rourke et al., 2004). The data also permits the development of 
calibrated toxicokinetic models for selected biomonitor species and chemical classes. 
Mechanistic models have been developed to apply mussel biomonitors as sentinels of 
metal concentrations or hydrophobic organic contaminants (HOCs) in the environment. 
Owing to differences in the uptake and tissue retention of metals and HOCs in biota, 
different models must be used to extrapolate mussel accumulated residues to 
environmental concentrations. This study focuses on models applicable to hydrophobic 
organic chemicals as exemplified by PCB.
2.2.1-Model Description
Calibration of toxicokinetic models involves determining (a) the time required to 
reach steady state and (b) the steady state bioaccumulation factor (BAF) or the ratio of
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chemical concentration within the organism and the primary exposure source (e.g. water, 
food or ingested sediments) to that animal (Mackay, 1982).
The change in a mussel’s chemical body burden over time can be characterized 
using a one compartment model with two uptake routes (water and food) and a whole 
body elimination rate constant:
Where kj and kfooci are the chemical uptake rate constants attributed to exposure from
mussel respectively (yttg' giipid’1)- Under the assumption that kj, kf00d and k2 are first order 
processes and that water and food concentrations are constant during the deployment 
period, the analytical solution to eq 1 can be written as:
The steady state bioaccumulation factor (BAF) where food uptake may be an important
exposure route, is defined according to:
(1)
water (m l' giipid"1 ' d'1) and food (gf00d ' giipid'1 ' d'1), k2 is the whole body elimination rate 
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Due to difficulties in independently measuring kj and kf00d, BAFs are more commonly 
derived by empirical approaches where the steady state animal/ water concentration 
factor is determined for a given chemical. Substituting equation 3 into equation 2 yields:
Cm(t)= B A F - C w( l - e ~ k2‘) (4)
The time required for the biomonitor to reach 95% steady state with its environment can 
be estimated directly from ki  using the t95:
Ideally the deployment time for a biomonitor is sufficiently long to assure that steady 
state between animal and its environment has been achieved (i.e. the deployment period 
is equal to or greater than t9s). However this is often unrealistic in that, depending on the 
magnitude o f it may take up to 300+ days for a biomonitor to attain steady state 
(O’Rourke et al., 2004). If biomonitors were left to equilibrate that long, the assumptions 
of constant water and food concentration may not be valid due to seasonal changes in 
environmental conditions. As such, biomonitors are frequently not at steady state at the 
time they are sampled. In order to compare time dependant accumulated residues in 
biomonitors that have been deployed for different amounts o f time it is necessary to 
correct measured chemical concentrations in the biomonitor to the steady state 
concentration value. This can be accomplished by re-arrangement o f eq (4):
tgs = -(Ln 0.05/k2) (5)
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C m(ss)= C m(t)/ ( l - e k2t) (6)
Based on eq.4, 5 and 6, the elimination rate constant (ky, d'1) is o f fundamental 
importance to the interpretation o f biomonitor data, especially when organisms have been 
deployed for different amounts of time. Empirical or kinetic determination o f BAF is of 
secondary importance to convert steady state biomonitor residues to an estimate o f water 
concentration. The Cw obtained from such a calculation represents the weighted average 
water concentration to which the animal was exposed over the duration o f the 
deployment period and may incorporate exposures to ingested particles depending on the 
overall importance of food and water exposure sources as defined in eq. (2).
Elimination rate constants have been determined for some species and compounds 
under laboratory conditions (Russell and Gobas, 1989, Bruner et al., 1994, Morrison et 
al., 1995, Bjork and Gilek, 1997, Gewurtz et al., 2002, Gardinali et al., 2004, O'Rourke et 
al., 2004). However, the use of laboratory derived toxicokinetic parameters as applied to 
field deployed biomonitors has been questioned, as it is hypothesized that toxicokinetic 
parameters are variable in the field due to a number of biotic factors that influence 
chemical rate constants. Variables such as temperature, dissolved oxygen, particle 
concentration, food quality and turbidity have all been shown to affect the rate at which 
mussels filter water over their gill surfaces, thereby affecting the rate at which chemical 
is taken up and eliminated (Berg et al., 1996, Gossiaux et al., 1996, Heionen et al., 1997, 
Gossiaux et al., 1998, Ackerman, 1999, Binelli et al., 2001, Guo et al., 2001, Heionen et 
al., 2002, Shin et al., 2002).
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In the present study, the freshwater mussel E. complanata was spiked with 5 
PRC-PCB congeners and allowed to depurate in both a laboratory and field settings in 
order to determine if elimination rate constants as derived in the laboratory could be 
applied to field exposed animals. Mussel elimination rate constants were determined 
using PCBs not present in technical Aroclor or environmental mixtures (Frame et.al., 
1997) in order to act as PRCs. As a concept, PRCs were first developed for use in semi- 
permeable membrane devices (SPMDs) (Huckins et al., 2002, Booij et al., 2002) to 
characterize the rate of chemical exchange between the sampler and the environment. In 
this study, PRCs were adapted for use with mussel biomonitors. They’ve been included 
in order to distinguish the in-situ elimination rate and proximity to steady state for each 
mussel after sampling. The selection o f PRCs represent PCB congeners with similar 
physical properties as Aroclor PCBs (Hawker and Connell, 1988), but are not found in 
the ambient environment and therefore not subject to bioaccumulation during field 
deployment. By examining the amount of each PRC remaining at the time o f sampling, 
the sampler’s proximity to steady state over a range of chemicals differing in physical- 
chemical properties can be estimated under variable environmental conditions. Also, by 
comparing the relative loss o f each PRC in mussels deployed at a given field location for 
different amounts o f time, an in-situ elimination rate constant can be determined for each 
marker chemical that can be compared with laboratory derived data for chemicals 
spanning a similar range o f physical and chemical properties.
2.3 - Materials and Methods
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2.3.1 -  Dosing Procedure
Mussels were collected from Balsam Lake (Lindsay, ON, Canada), a site known 
to have relatively low levels o f HOCs, and maintained in aquaria fitted with activated 
carbon filters until the beginning of the study. When used in SPMDs, PRCs are spiked 
directly into the synthetic lipids during their construction. In this study PRCs were 
incoiporated into mussel tissue by dosing animals with PRC spiked algae for a period of 
12 days. Mussels were dosed by placing them in static aquaria and feeding algae spiked 
with a PRC solution, consisting of PCBs 7, 23, 61, 109 and 173 (Cambridge Isotope 
Laboratories, MA, USA) at 20ng total PRC /g algae dry wt. The congeners were selected 
due to their minimal (<1%) percent composition in standard Aroclor mixtures (Frame, 
1997) and general absence in environmental media. Algae was spiked with the PRCs by 
placing 4 ml of PRC stock solution (stock solution= 500 /tg/ml total PRCs) in 50 ml of 
dichloromethane and adding this solution to 20 g o f algae powder (Chlorella; Acta 
Pharmacal, Sunnyvale, CA) in a beaker. The solvent was allowed to evapourate in a 
fume hood for 96 hours. Contaminated algae was added to the tanks over 3 feedings to 
ensure even incorporation o f PRC material among individual mussels. Feeding events 
occurred every three days, in order to allow for multiple dosings and maximum 
incorporation of algae. After final dosing, mussels were maintained in static aquaria for 
48 hours to allow for gut clearance of unassimilated algae. Mussels exhibited an average 
algal/PRC assimilation efficiency of 16.11% (±2.07). On day 0, coefficients o f variation 
(n=5 mussels) were 92, 31, 23, 31 and 38% for congeners CB-7, 23, 61,109 and 173 
respectively.
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2.3.2 - Laboratory Depuration Study
A flow through system was constructed consisting o f three 80 L tanks that 
received sand filtered Detroit River water at in-situ temperatures. The tanks were 
renewed at a rate of 1201/hr. Detroit River water was used in order to remove 
temperature and water chemistry as confounding factors influencing estimates.
Mussels (60) were evenly distributed throughout 3 flow-through tanks. Also included in 
each tank were 30 non-PRC dosed control mussels to monitor for PRC cycling within the 
tanks during the course of the experiment. Five mussels were sampled, wrapped in 
hexane rinsed foil and stored at -20°C on day 0, 30, 60, 90, 120 and 150. Water quality 
(temperature, DO, pH, turbidity) was monitored on a weekly basis throughout the study. 
Mussels were fed a clean algae/dissolved bakers yeast mixture (lOg/tank) every 5-7 days 
to maintain body condition.
2.3.3 -  Field Depuration Study
Dosed mussels were deployed at three locations along the Detroit River, Peche 
Island (N42°21.013’, W082°55.925’), Amherstburg channel (N42°18.459’, 
W083°04.438’) and Trenton channel (N42°06.426\ W083°10.954) (Figure 2.1). Control 
(n=30) and treatment (n=60) mussels were suspended in mussel cages at a depth o f 1 m 
in the water column. Five treatment mussels and three control mussels from each site 
were sampled on day 0, 30, 60 and 90. Mussels were stored in hexane rinsed foil and 
frozen at -20°C until chemical analysis. Due to vandalism, mussels at Peche island site 
were lost on two sampling dates and were excluded from analysis.
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2.3.4 - Chemical Analysis
Chemical analysis was performed according to Lazar et al. (1992). Briefly, 
mussels were shucked and homogenized and a 2.5 gram aliquot was ground with 20g of 
anhydrous sodium sulfate (ACS grade; BDH, ON, Canada). Ground sample was poured 
into a 2.5x35 cm column plugged with glass wool, an additional 10 g o f sodium sulfate 
and 100 ml dichloromethane:hexane (50:50% v/v, OmniSolv-grade, VWR, ON, Canada) 
. The prepared sample was spiked with 105.5 ng o f 13C labeled PCB 37, 52 and 153 
(1:1: l)(Cambridge isotopes, MA, USA) as a surrogate recovery standard and extracted 
with 300 ml of DCM:hexane (1:1). The extract was evaporated to a volume of 10 ml 
and 1 ml of sample was removed for gravimetric determination o f lipids (Drouillard et 
al., 2004). The remaining extract was reduced in hexanes to 2 ml and placed in a 1 x 25 
cm column with 6 g o f wet packed activated florisil (VWR,ON,Canada) and extracted 
with 50ml o f hexane followed by 50 ml o f 15% DCM:hexane. The cleaned up extracts 
were concentrated to 1ml and stored in a GC autosampler vial for gas chromatography. 
For every five samples extracted, an in-house reference tissue (Detroit River Carp) and a 
blank were analyzed.
Chromatographic analysis was performed using a Hewlett-Packard 5890 gas 
chromatograph with a 5973 mass selective detector (GC-MSD)(EI) and 7673 
autosampler. The column was a 60m x 0.250 mm x 0.10 DB-5 column 
(Chromatographic Specialties, Brockville, ON, Canada). Sample analysis conditions 
were as follows: injection port temperature (250°C), injection volume (2/d;spitless), 
carrier gas (HE, Flow rate = lml/min), and MSD temperature (280°C). The oven 
program was 90°C held for 3 min. followed by a temperature ramp o f 7°C/min to 150°C
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and a second temperature ramp of 3°C/min to a final temperature 280°C held for 5.1 min. 
For every batch of five samples injected, the surrogate standard, PCB standard mixture, 
batch blank and reference tissue extraction were analyzed. PCBs were characterized 
using selective ion monitoring (SIM) according to the following programmed windows: 
10-27 min ( tri-256 and tetrachlorobiphenyls-290), 27-33 min (surrogate standard ( l3CB- 
37)-268, tetra-290, surrogate standard (13CB-52)-302, penta-326, hexachlorobiphenlys- 
360), 33-39.50 min (penta-326, hexa-360, surrogate standard (13CB-153)- 372, 
heptachlorobiphenyls-394), 39.50-43.50 min (hexa-360, hepta-394, octachlorobiphenyls- 
428), 43.5-60 min (hepta-394, octa-428 and nonachlorobiphenyls-464).
PCBs were quantified by comparing the sample response to the area for the 
equivalent congener in a secondary external standard mixture. This secondary PCB 
standard was obtained by combining Aroclor 1242, 1254 and 1260 mixtures (1:1:1) 
(35jttg/ml in 2,2,4- trimethylpentane; Accu Standard, USA) and diluted to 50 ml. 
Concentrations o f 74 individual congeners within the secondary standard were quantified 
after serial dilution by GC-ECD using a primary PCB standard supplied by the Canadian 
Wildlife Service, Ottawa, ON. PRC-PCBs were quantified by comparing the sample 
response to a PRC standard consisting o f the original PRC mixture used in the dosing 
study, which had been diluted to a concentration of 20 ng/ml. Blanks and reference 
tissues, quantified during each batch of sample extractions, were in compliance with the 
normal quality assurance procedures instituted by GLIER’s CAEAL certified organic 
analytical laboratory. Internal surrogate standard recovery averaged 94 ±3%.
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2.3.5 -  Data Analysis
According to the one-compartment first-order rate constant model, depuration of 
chemical from an organism placed in a clean environment can be expressed as:
d C Jd  t = -k.2 ■ Cm (7)
which is integrated to:
lnCm(o — InCm(t=o) ~ k2 ‘ t (8)
where Cm(t) is the lipid corrected PCB tissue concentration (Mg’giipid"1) at time t, Cm(t=o) is 
the lipid corrected PCB tissue concentration (/tg-gnpid"1) at the start o f depuration and ^  is 
the elimination rate constant (d_1).
From eq. (8), the for each chemical was calculated as the slope o f the 
regression o f the In chemical concentration in mussels versus time. Congeners that did 
not show significant elimination over the depuration period were not assigned a ^  value. 
Analysis of covariance (ANCOVA) was used to test for differences between the slopes of 
In Cm versus time regressions for each PRC across laboratory and field depuration trials 
(Zar, 1999). Previous studies demonstrated a strong relationship between ^  and the Kow 
(Russell and Gobas, 1989, Gewurtz et al., 2002, O'Rourke et al., 2004). In addition, 
ANCOVA was used to test the ^  vs. Kow relationship as determined for PRCs in 
laboratory and field and the laboratory derived relationship published for Aroclor PCBs 
by O’Rourke et al. (2004).
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The magnitude of variance of k2 affects the accuracy of estimated steady state 
concentrations (as can be seen in eq 6). Errors in have the greatest effect on Cm(SS) 
when biomonitors are deployed for a short time period relative to tgs. A sensitivity 
analysis was therefore performed in order to determine the precision o f predicted steady 
state concentrations that may be expected given variability in elimination rate constants 
and differences in mussel deployment periods as commonly encountered in field 
biomonitoring studies. Steady state correction factors were calculated using the upper and 
lower limit o f values predicted from four independent equations used to predict /o from 
Kow. The equations were derived from the following studies: (O’Rourke et al. (2004), 
laboratory elimination (this study), field elimination (Trenton);(this study) and field 
elimination (Amherstburg);(this study)). Steady state correction factors was calculated as 
(l/(l-e 'Wt)) for PCB congeners spanning a log Kow  range of 5-8 and over theoretical 
deployment times o f 30, 60 and 90 days.
2.4 -  Results
2.4.1 -  Environmental Conditions and Mussel Body Condition
Temperature generally remained constant over the study followed by a decreasing 
trend between September and mid October o f deployment; ranging from 12.2°C to 25.0°
C with an average temperature of 21.3°C (±1.1). Temperature conditions in laboratory 
tanks were identical with field conditions (Figure 2.2). Dissolved oxygen concentrations 
in field ranged from 4.47 to 9.2 mg/L with an average of 6.26 mg/L (±0.22) (Figure 2.2).
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Dissolved oxygen levels were lower in laboratory tanks compared to the field (5.37 mg/L 
±0.12 ) but were generally above 5mg/L.
Over the course of the study mussels showed little mortality (n=3) and no 
significant decrease in lipid content (Figure 2.3). Mean lipid percentages were 0.39% 
(±0.03), 0.33% (±0.04) and 0.41% (±0.08) in laboratory, Trenton channel and 
Amherstburg channel depurated mussels, respectively.
2.4.2 - Laboratory Depuration Study
Mussels sampled on the first day o f the laboratory elimination experiment 
exhibited total PRC concentrations o f 5.95 (±0.91) /ig/g lipid. Control mussels showed 
trivial accumulation of PRCs. Over the course o f the 150-day depuration experiment 
control mussels accumulated 0.013 (±0.002) /tg/g total PRC or <10% o f the 
concentrations quantified from the day 150 treatment mussels (see Table 2.1).
All PRC concentrations in laboratory mussels significantly decreased over the 150 
day depuration experiment (Table 2.1, Figure 2.4). PCB 7 was not detected after day 0 
due to rapid elimination. As a result regression analysis and the rate o f elimination of 
this congener could not be determined. PCB 23 also exhibited rapid elimination and was 
not detected after day 30; consequently, the elimination rate constant for this congener is 
calculated from only those time points in which detectable concentrations were observed. 
Mean k2 values were 0.061(±0.012), 0.032(±0.005), 0.033(±0.003) and 0.012(±0.001) for 
PCB 23, 61, 109 and 173 respectively (Table 2.2). Elimination rate constants showed a 
decreasing trend with increasing chemical Kow. The k2 vs. Kow relationship is presented
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in Figure 2.5. Regression analysis of laboratory derived k2 values and their 
corresponding log Kow values resulted in the following regression fit:
Logk2=-0.44(±0.10)LogKow+1.3(±0.67) (R=0.87, n=4) (9)
Analysis o f covariance (ANCOVA) was used to compare the k2 vs. Kow 
relationship derived for PRC-PCBs with the relationship published for Aroclor PCB 
mixtures given as: Log fe=0.59'log Kow +2.1 (R=0.80,n= 34)(0’Rourke et al. (2004). 
There was no significant difference between the slopes or elevations o f the two 
relationships (p>0.5).
2.4.2. -  Field Depuration Study
All PRC congeners showed significant elimination over the 90-day experiment 
(Figure 2.6). As in the laboratory study, PCB 7 showed complete elimination prior to the 
first sampling date (30 day) and a k2 value could not be estimated for this congener. PCB 
23 also showed rapid elimination such that quantifiable levels of this congener were not 
detected past day 30. Elimination rate constants for PCB 23 reflect only time-points in 
which the congener was detected. The PRC elimination rate constants ranged from 0.01 
d'1 (PCB 173) to 0.10 d'1 (PCB 23) and 0.03 d‘‘(PCB173) to 0.09 d’1 (PCB 23) for 
Amherstburg and Trenton channel sites respectively (see Table 2.2). Calculated 
elimination rate constants are listed in Table 2.3. ANCOVA was performed on field and 
laboratory concentration data with time to test for differences in k2 between lab and field
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studies for individual PRC chemicals. PCB 7 and 23 were not tested because o f a failure 
to detect chemical beyond the 30 day time point. There were no significant differences in 
the slope of the concentration vs. time curves for PCB 61, 109 or 173 (p>0.5) between 
the laboratory and 2 field experiments. However, variability among k2 estimates was 
noted for some individual chemicals. Maximum differences in estimates o f k2 values 
across the three trials were a factor of 3 for PCB 61 and 173. Relationships between k2 
and Kow  from the two field sites exhibited a linear decreasing trend with increasing Kow, 
similar to laboratory data.
2.5 - Discussion
Elimination rate constants (k2) were determined for 4 o f the 5 PRCs in E. 
complanata for mussels depurated in the laboratory and at 2 field locations. An 
elimination rate constant could not be established for PCB 7 as the chemical was lost to 
non-detectable levels before the first sample time point. Establishing sample time points 
at frequencies less than 30 days would be necessary to characterize the k2 value o f this 
compound.
No significant differences were detected between elimination rate constants for 
individual PRCs at Amherstburg and Trenton channel sites. Environmental conditions 
such as temperature and dissolved oxygen were consistent between these sites. The two 
sites did differ in the levels o f contamination present, Trenton channel is a site o f known 
PCB contamination (Marvin et al., 2002). Amherstburg channel is a site located on the 
Canadian shoreline with little industry surrounding it. The consistency o f elimination 
rate constants between these two sites indicates that ambient levels o f  contamination had
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little effect on the toxicokinetics o f PCBs in mussels, and seem to be consistent with 
elimination rate constants derived from the tandem laboratory study.
All three depuration experiments demonstrated a decreasing trend in PCB 
elimination rate constants with increasing congener Kow. The robustness of the k2 vs. 
Kow  relationship was further confirmed by comparing laboratory and field derived k2 
trends from the present study with the relationship for Aroclor PCBs reported by 
O’Rourke et al. (2004; see Figure 2.7). ANCOVA performed on laboratory, field and 
published relationships found that there was no significant difference in any of the slopes 
of the linear regressions, however the field depuration studies did show significantly 
higher constants compared to laboratory data (p<0.05). This provides some indication 
that k2 values were greater in the field as compared to those measured in the laboratory 
setting. However, such comparisons must be interpreted with caution owing to the large 
differences in the number of PCB congeners included in the O’Rourke et al. (2004) 
regression (n=40) and present work (n=4) and failure of such approaches to consider 
variability among individual animals. The analysis of covariance conducted on linear 
regression equations between In mussel concentrations with time could not detect any 
significant differences between k2 values measured in laboratory and field settings for 
congeners 61, 109, and 173, even though an overall trend of higher k2 values for field 
data appeared to be evident. O’Rourke et al. (2004) compared a field elimination rate 
constant for 13C-PCB 153 with the laboratory k2 o f the equivalent unlabelled congener in 
E. complanata. The latter study demonstrated a 3 fold higher PCB 153 elimination rate 
in the field compared to the laboratory that was consistent with the maximum differences 
in k2 values observed in the present study for PCBs 61 and 173. The inability to detect
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significant differences in values in the present study is a result o f the relatively high 
variability in the amount of PRC accumulated by individual mussels during the dosing 
procedure. Future studies may consider increasing the statistical power o f such 
comparisons by establishing a more refined dosing procedure to ensure even 
incorporation of PRC by individual mussels or by increasing the number o f sample time 
points.
Despite the above noted difference in absolute ^  values, each o f the individual 
experiments demonstrated similar relative loss rates of PCBs as a function of chemical 
Kow. This confirms that PCB elimination in E. complanata is controlled by diffusion 
kinetics and relative differences in lipid/water partition coefficients o f individual 
congeners. O’Rourke et al. (2004) reviewed relationships between PCB values and 
congener Kow as published for 4 species o f mussels while Gewurtz et al., (2003) 
summarized similar relationships across different classes o f chemicals and mussel 
species. Both studies concluded that there were similarities in the relative elimination 
rate of organic contaminants from mussels as a function o f chemical hydrophobicity 
when biotransfomation o f PCBs by mussels is low. It is noteworthy to illustrate the 
striking similarities between reported PCB versus Kow  relationship for the marine 
American oyster (Crassostrea virginica) and E. complanata. In a 50 day field-depuration 
study using C. virginica, the elimination o f 15 PCB congeners was described according 
to the relationship: Log = -0.54(±0.14) Log Kow  + 1.6(±0.9) (Sericano et. al.,1996). 
The above study was later expanded by Gardinali et al. (2004) to include a larger number 
of chemicals (PCB,TCDD, TCDF) and longer depuration period (lOOd) yielding the 
relationship: Log = -0.48 ' Log Kow  + 1.3. The almost identical elimination behaviour
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of PCBs in these two common biomonitor species are likely related to similarities in their 
body size, metabolic rates and similar filtration capacities and/or gill morphology.
Through the use o f calibrated toxicokinetic models, mussels have the potential to 
be used as economical quantitative biomonitors o f environmental conditions. However, 
kinetic parameters may be more variable in the field compared to the laboratory setting 
owing to behavioural and physiological responses to abiotic changes and food resource 
conditions. Errors in using eq (6) will result in the over or underestimation o f steady 
state concentrations. In order to examine the precision of steady state mussel residues 
predicted by each o f the derived k2 constants, a sensitivity analysis was performed. The 
greatest difference in k,2 estimates between the O’Rourke et al. (2004) relationships, 
laboratory relationships and the two field derived relationships from the present study 
were calculated, and the steady state correction factors were determined (see Figure 2.8). 
Of the four relationships, Trenton channel and the previously published O’Rourke et al. 
(2004) relationship showed the greatest difference in steady state correction estimates for 
chemicals o f log Kow  5, 6 and 7. It was found that with a 30-day deployment time, one 
could expect approximately a 4 fold difference between calculated steady state mussel 
concentrations as derived from the different ^  relationships for PCBs with a log Kow  of 
7. The error drops considerably for lower Kow  PCBs and becomes less than 50% for 
PCB congeners with Log Kow  <6. The above error can be greatly reduced by extending 
the deployment period to 90 days in which one would expect a less than a 2-fold 
difference in estimated steady state concentrations for higher Kow compounds. From this 
sensitivity analysis it can be concluded that the standard 30 day deployment period used
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by many researchers is too short to ensure accurate steady state corrections o f heavily 
chlorinated PCB congener. The results o f the present study suggest that a deployment 
time of 60 to 90 days would be more appropriate for the direct conversion o f tissue 
residues to those expected at steady state.
To gain perspective on this level of variability o f predicted steady state values in 
mussel biomonitors, a literature review of other techniques used to monitor water 
concentrations was undertaken. Direct sampling of water concentrations is the standard 
method for measuring ambient water concentrations. However, the precision of this 
technique is considered low due to a variety of factors that can cause fluctuations in the 
HOC concentrations detected. These fluctuations can result from accidental 
incorporation of DOM associated residues or sample contamination during the processing 
of large water volumes (>100L). Storm events and fluctuations in particulate associated 
concentration have also been shown to have significant effects on the trends detected via 
this method over time (Froese et al., 1997). In order to determine the variability 
associated with this technique, replicate samples would be needed to establish the 
standard deviation of a sample. As this technique is laborious, time consuming and 
costly, the majority of experimental designs do not include replicate sampling at a given 
site to establish the true precision o f this technique. Anderson et al.,(1999) used large 
volume water sampling to characterize PCB concentrations in dissolved (0.45pm filtered 
water) and suspended particulate matter in waters o f the Great Lakes. The above study 
included a minimal level o f replication by measurement o f duplicate samples at five 
sampling locations. Duplicate measures of total PCB concentrations varied between 15 
and 50% at three sample sites, however at two other sites duplicates were reported to
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have failed quality assurance parameters. Clearly, further method validation is necessary 
in which more than two samples per station are examined to understand the precision of 
large volume water sampling.
Another common method for measuring water concentrations of HOCs is the use 
of passive samplers such as semi-permeable membrane devices (SPMDs). There are a 
variety of factors that affect the rate at which HOC diffuse across the membrane, such as 
temperature, turbulence/flow and biofouling. In a paper by Huckins et al.,(2002) it was 
estimated that the combined impact of these factors on SPMD sampling rates can be as 
high as 80 fold when PRCs are not included. When PRCs are included in such samplers 
the degree o f error is reduced to a factor of 2 to 4 (Luellen and Shea, 2002, Huckins et al., 
2002) similar to the total variability reported for values in the present study. These 
data suggest that variations in k,2 values o f individual mussel biomonitors deployed in the 
field do not contribute to the same variability in sampling rates as experienced by passive 
SPMD samplers. Indeed, variability in PCB k,2 values in E. complanata between 
laboratory and field conditions, as experienced in the Detroit River, would appear to be 
equivalent to variability in water concentration estimates from SPMDs which have been 
corrected for in-situ sampling rates using PRCs. It should be noted that the present study 
did not quantify the degree of precision gained by the normalizing steady-steady state 
PCB concentrations in biomonitors to the amount o f PRC lost by each deployed 
individual. Such calculations were made difficult by the amount o f individual variation 
in accumulated PRC owing to the method o f dosing live animals prior to the 
commencement o f field deployments. Despite these complications, the sensitivity 
analysis suggests that the precision gained by such normalization procedures would be
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minimal with the possible exception of highly hydrophobic compounds in 30d deployed 
mussels. The results o f the present study support the assumption that laboratory derived 
toxicokinetic parameters in mussels can be utilized in the interpretation o f field deployed 
biomonitoring data using a toxicokinetic model framework. Further research should 
consider characterizing the maximum range of in-situ PRC elimination rates over a 
greater number o f environmental conditions as may be experienced under the biological 
tolerances to temperature and feeding conditions experienced by this species in its natural 
range.
2.6 -  Conclusions
Elimination rate constants for 4 PCB congeners were determined for E. 
complanata. PCB elimination rates for both laboratory and field depurated mussels were 
found to be highly dependent on the Kow  o f individual congeners. Comparison o f k2 
values derived in the present studies and from previously published relationships found 
that elimination rate constants are highly conserved when mussels were acclimatized to 
different environments. This, along with the knowledge that mussels readily and rapidly 
concentrate most persistent, bioaccumulative and toxic substances, lends support to the 
use of mussel biomonitors as effective quantitative monitors o f water quality.
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Table 2.1 -  PRC concentrations detected in laboratory depurated Elliptio complanata. Concentrations are expressed in pg/g lipid.
Exposure time Lipid (%) PCB
(days) mean ±SE 7 ±SE 23 ±SE 61 ±SE 109 ±SE 173 ±SE
0 0.35 0.05 0.266 0.085 0.833 0.167 1.56 0.27 1.68 0.249 1.61 0.269
30 0.52 0.09 0.006 0.003 0.014 0.004 0.013 0.006 0.028 0.012 0.533 0.11
60 0.4 0.07 ND - ND - 0.006 0.002 0.009 0.002 0.247 0.12
90 0.38 0.09 ND - ND - 0.029 0.022 0.041 0.025 0.153 0.052
120 0.37 0.07 ND - ND - 0.29 -0.22 0.41 -0.25 1.53 -0.52
150 0.3 0.04 ND ~ ND - 0.008 - ND - 0.093 0.029



























7 ±SE 23 ±SE 61 ±SE 109 ±SE 173 ±SE
0 0.35 0.05 0.266 0.085 0.833 0.167 1.556 0.27 1.683 0.249 1.611 0.27
30 0.4 0.09 ND - 0.02 0.004 0.018 0.003 0.082 0.018 0.13 0.03
60 0.32 0.04 ND - ND - ND -- 0.026 0.002 ND —
90 0.23 0.05 ND - ND - 0.028 0.004 0.014 0 0.024 0.005
Amhersburg
Channel
Exposure Lipid (%) PCB
time mean ±SE 7 ±SE 23 ±SE 61 ±SE 109 ±SE 173 dbSE
(days)
0 0.35 0.05 0.266 0.083 0.833 0.167 1.556 0.27 1.683 0.249 1.611 0.27
30 0.63 0.1 ND - 0.012 0 0.045 0.009 0.133 0.035 0.348 0.094
60 0.42 0.09 ND ~ ND -- ND - 0.035 0 0.092 0.046
90 0.23 0.06 ND - ND - ND - 0.013 0.002 0.37 0.224
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Table 2.3 - Calculated elimination rate constants (k2) for Laboratory and field deployed 
mussels.
PCB (Kow3) Locationb n fc2(slope) ±SE Constant r2 p-Value
7 Lab
(5.07) Am . . . . . . . . . . . .
TC — — — —
23 Lab 7 0.060 + 0.011 0.762 0.95 <0.0001
(5.57) Am 6 0.099 ± 0.007 0.762 0.99 <0.0005
TC 10 0.084 ± 0.007 0.076 0.98 <0.0001
61 Lab 12 0.032 ± 0.005 1.127 0.93 <0.0001
(6.04) Am 9 0.048 ± 0.005 0.838 0.91 <0.0005
TC 11 0.095 ± 0.008 1.011 0.99 <0.0001
109 Lab 16 0.033 ± 0.004 0.964 0.91 <0.0001
(6.48) Am 14 0.033 ± 0.005 0.886 0.88 <0.0001
TC 15 0.038 ± 0.003 0.841 0.96 <0.0001
173 Lab 28 0.012 ± 0.002 1.138 0.88 <0.0001
(7.02) Am 17 0.009 ± 0.004 0.853 0.69 >0.01
TC 11 0.029 ± 0.003 0.877 0.96 <0.0001
a Log Kow values from Hawker and Connell (1988). 
b Locations as shown in Figure 2.1.
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Figure 2.1- Sampling locations in the Detroit River
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Figure 2.2- Dissolved oxygen and temperature conditions over the course o f the 
depuration study. Symbol ( ♦ )  represents laboratory values, (■ )  represents Trenton 
Channel values, (A ) represents Amherstburg Channel values.
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Figure 2.3 -  Change in lipid percentage over time. Symbol ( ♦ )  represents laboratory 
values, (■ ) represents Trenton Channel values, (A ) represents Amherstburg Channel 
values. Solid line represents laboratory mean lipid percentage, dashed line represents 
Trenton Channel mean lipid percentage, and dotted line represents mean Amherstburg 
Channel lipid percentage. Error bars represent ±  1 SE.
54














0 20 40 60 100 120 140 160
Time(day)
55
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
Figure 2.4 - Elimination ofPRC-PCBs from Elliptio complanata over 150 day 
depuration deployment period. The lines represent linear regression fits to the data.
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Figure 2.5 -  Elimination rate constants (hi) for four PCB reference compounds in 
laboratory depurated Elliptio complanata versus Log Kow. Dashed line represents the 
linear fit for the regression equation determined by O’Rourke et al. (2004) (Log&/=- 
0.59Log Kow+2.1). Solid line represents linear fit for the laboratory derived elimination 
rate equation Log^=-0.44(±0.10)Log Kow+1.3(±0.67) Error bars represent ±1 SE.
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Figure 2.6 -  Elimination o f 4 PRC-PCBs over 90 day field deployment period. (■ )  
symbols represent Trenton Channel data, (A ) symbols represent Amherstburg Channel 
data. Solid lines represent linear regression fits to Trenton Channel data, dotted lines 
represent linear regression fits to Amherstburg Channel data.
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Figure 2.7- Elimination rate constants {kj) for four PCB reference compounds in field 
depurated Elliptio complanata versus Log K o w . (♦ )=  Lab elimination rate constant 
(Log/o=-0.44(±0.10)Log Kow+\.3(±0.67) ) , (A )=  Amherstburg elimination rate 
constant(Log&2=-0.45(0.06)Log£ow+l.57(0.34)), (■ )=  Trenton elimination rate 
constants (Log&r=-0.37(0.13)Log£ow+1.06(0.79)), (0 )=  elimination rate constants 
calculated from O’Rourke et al. (2004)( Log^=-0.59(0.05)LogAToHH-2.05(0.28) Lines 
represent the linear regression equation. Error bars represent ±1 SE.
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Figure 2.8- Sensitivity analysis showing range o f steady state correction factors 
calculated for PCB congeners ranging in Kow  for a 30,60 and 90 day deployment period 
as established from different equations predicting chemical lc2  from chemical Kow.
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Chapter III - Spatial Distribution o f B ioavailable PCB R esidues in the 
Detroit River as M easured by the Freshwater M ussel: Elliptio
complanata.
3.1 -  Abstract
A spatial survey o f bioavailable PCB residues in the water column o f the Detroit 
River was performed using the calibrated freshwater mussel biomonitor Elliptio 
complanata. During 2002, mussels were deployed in the Detroit River water column in 
suspended minnow traps at 12 U.S. and 12 Canadian stations for periods o f 30, 60, and 
90 days. Sampling stations were distributed across the river length to permit an 
evaluation of longitudinal gradients in water contamination. Seasonal average, steady 
state corrected, biomonitor residues ranged from 0.36 to 21.4 /xg-g_1lipid'' across the 
different sampling sites. PCB concentrations in mussels from U.S. stations were 
significantly higher (p<0.05) (average 5-fold higher) than mussels retrieved from 
Canadian stations. No distinct upstream to downstream trends were observed in 
bioaccumulated PCB residues along the U.S. or Canadian shores. Highest PCB 
contamination was evident at the U.S. Ambassador Bridge site and at two stations located 
downstream of Trenton Channel. These trends were consistent with recent surveys 
documenting sediment contamination in the Detroit River and suggest that multiple, on­
going inputs o f PCBs continue to occur in this system. Although some temporal 
variation in accumulated PCB concentrations was evident at many o f the stations, major 
spatial trends remained consistent over time.
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3.2 - Introduction
The Detroit River is an industrial and ecologically significant Great Lakes 
Connecting Channel linking Lake St. Clair to Lake Erie. It has been designated as an 
Area of Concern (AOC) by the International Joint Commission due to a variety of 
Beneficial Use Impairments (BUIs) many of which can be attributed to high levels of 
persistent, bioaccumulative and toxic (PBT) compounds found within water, sediments 
and biota (DRCCC, 1998). Of the many PBT compounds found within this connecting 
channel, PCBs and mercury have been designated as critical pollutants both within the 
Detroit River (DRCCC, 1998) and Lake Erie Management Plan (LaMP, 2000).
The Detroit River is located downstream of, and receives chemical inputs from 
three other AOCs including the St. Clair, Clinton and Rouge Rivers. Past surveys 
indicated that tributary inputs from the St. Clair and Clinton rivers contribute 
approximately 50% of the total PCB loadings to the Detroit River (IJC, 1997). Much of 
the remaining PCB loadings were attributed to tributary releases from the Rouge and 
Ecorse Rivers, Detroit Waste Water Treatment Plant, multiple combined sewage outfalls 
and direct industrial dischargers many o f which are concentrated along the U.S. shoreline 
of the river (Hamdy and Post, 1985; UGLCCS, 1988; Kannan et ah, 2001). The Detroit 
River is also considered the most significant source of PCBs to Lake Erie (Oliver and 
Bourbonniere, 1985; Kelly et ah, 1991).
Sediment quality has been the focus o f many contamination studies within the 
Detroit River (Fallon and Horvath, 1985; Hamdy and Post, 1985; Furlong et ah, 1988; 
Kannan et ah, 2001). Sediments act as both a sink for the burial of historic loadings and a 
source of chemical uptake for benthos and the fish community (Furlong et ah, 1988;
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Leadley et al., 1998). Still lacking is an understanding o f sources o f sediment 
contamination; whether patterns reflects historical inputs and hydraulic sorting of 
particles or whether elevated sediment residues result from new or continued inputs to the 
system (Besser et al., 1996; Kannan et al., 2001; DRMMF, 2003).
Most o f the datasets pertaining to contaminant loading estimates and point source 
characterization within the Detroit River were conducted in the mid-1980s as part o f the 
Upper Great Lakes Connecting Channels Study; a combined initiative between the U.S. 
EPA, U.S. Fish and Wildlife Service, Environment Canada and Ontario Ministry of 
Environment (UGLCCS, 1988). Since that time, there have been a number o f programs to 
improve environmental quality through the implementation of sediment 
dredging/remediation activities, separation o f combined sewage overflows and point 
source controls (EPA, 2002). Despite this progress, there have been relatively few studies 
undertaken to re-evaluate PCB sources and spatial trends o f water quality within the river 
(Froese et al., 1997; Metcalfe et al., 2000; Marvin et al., 2002; Gewurtz et al., 2003). In 
2001, Environment Canada began the implementation o f a water quality monitoring 
program using large volume water extraction (LVWE) techniques (McCrea, 2003). This 
survey consists o f water samples taken during the open water season at an upstream (1 
site) and two downstream (U.S. Trenton Channel and Canadian Amherstburg Channel) 
locations within the Detroit River. The sampling locations were chosen in order to 
distinguish the river as a source or as a vector o f chemical contamination and to compute 
annual average toxicant loadings to Lake Erie. However the limited number o f sampling 
locations of this program provides little information on longitudinal trends o f water 
quality in the Detroit River, nor does the selection o f sampling stations adequately
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represent the complex hydrology of the system which consists of a series of channels 
with different flow regimes formed by the many Islands and dredged shipping channels.
Biomonitors either transplanted or native animals, are an economical alternative 
for determining ambient environmental concentrations o f PBT compounds and have been 
widely utilized in contaminant monitoring programs within the Huron-Erie corridor 
(Pugsley et al., 1985; 1998; Kause and Hamdy, 1985; Muncaster et al., 1989; Gewurtz et 
al., 2003). Freshwater mussels are ideal sentinel species in that they are long-lived filter 
feeders that once settled undergo little or no movements (Beeby, 2001; Parfitt, 1988; 
Phillips, 1977; Ravera, 2001). They accumulate a number o f heavy metals and 
hydrophobic organic contaminants (Pugsley et al., 1985; 1988; Gewurtz et al., 2003) and 
the kinetics o f this accumulation have been characterized for a number o f species and 
contaminants such as HCB, PAHs and PCBs(Russell and Gobas, 1989; Morrison et al., 
1995; Gewurtz et al., 2002; O’Rourke et al., 2004).
Within the Huron-Erie corridor, the indigenous mussel species, Elliptio 
complanata, has a long history o f use as a qualitative (Pugsley et al., 1985; 1998) and 
quantitative biomonitor o f water quality (Gewurtz et al., 2003). Recent calibration of this 
species to establish uptake and elimination kinetics for several classes o f hydrophobic 
organic contaminants (Russell and Gobas, 1989; Gewurtz et al., 2002; O’Rourke et al., 
2004) permits the application of toxicokinetic models to allow the quantitative 
interpretation o f chemical concentrations measured in mussel tissues (Gewurtz et al., 
2003). Such approaches are most effective in biomonitoring programs which implement 
transplant experiments, whereby mussels are deployed at a given sample station for a 
known period o f time to control for variability in organism toxicokinetic parameters
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related to mussel age, size and/or physiological state. O’Rourke et al. (2004) recently 
reported toxicokinetic parameters for 40 PCB congeners in this species and described a 
general predictive relationship for calculating PCB elimination rate constants (k2) from 
congener Kow. This relationship has subsequently been verified for non-Aroclor PCBs in 
laboratory and field depuration studies (see Chapter 2).
Given the large number o f studies characterizing chemical toxicokinetics in this 
species, its presences as indigenous fauna in the Detroit River and historical use o f this 
species as a biomonitor of water quality, E. complanata was selected as a quantitative 
biomonitor to evaluate spatial gradients in PCB contamination within the Detroit River 
water column. The objectives o f this study were to perform a spatial survey o f the 
Detroit River and compare the gradients detected via mussels with those determined 
using large volume water sampling and establish whether a more spatially explicit survey 
design is more appropriate for estimating loadings and establishing contaminant trends 
along the length of the river.
3.3 - Materials and Methods
3.3.1 - Field Methods
Freshwater mussels (E. complanata) were collected from Balsam Lake (Lindsey, 
Ontario), as a reference site with low levels o f organic contamination. Prior to 
deployment, the mussels were maintained in carbon-filtered aquaria for 8 weeks. In July 
2002, mussels were deployed at 26 sites along the Detroit River (Figure 3.1). The
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mussels were deployed in minnow traps and suspended within the water column, 
avoiding contact with the sediments where the depth of the water permitted. After 30, 60 
and 90 days, 5 replicate mussels were retrieved from each site. The mussels were 
individually wrapped in hexane rinsed foil and stored at -20°C until analysis.
3.3.2 - Chemical Analysis
Mussels were thawed, shucked and homogenized before analysis. During time 
point 1, individual mussels were shucked and analyzed separately. For economy, 
individual mussels collected from each site during time points 2 and 3 were pooled. 
Pooling of mussels consisted o f combining the five individuals sampled from each time 
point and homogenizing until a consistent mixture was produced. Prior to 
homogenization individual mussels weights were recorded in order to determine the 
relative contribution of each mussel to the pooled homogenate. A 2.5 g aliquot of the 
homogenate was ground by mortar and pestle with 20 g activated sodium sulfate (ACS 
grade, BDH, ON, Canada), added to a 60 x 2.5 cm i.d. glass column containing 10 g 
activated sodium sulfate and 100 mL dichloromethane(DCM):hexane (50:50% v/v; 
OmniSolv-grade, VWR, ON, Canada) and spiked with 0.5ng o f 13C labeled PCB 37, 52 
and 153 (l:l:l)(A ccu  Standard, USA) as a surrogate recovery standard. After 1 h, the 
column was eluted with an additional 250 mL DCM:hexane (50:50% v/v) and the 
extracts roto-evaporated to less than 2 mL. Cleanup o f the sample was performed by 
adding extract to a 35 cm x 1 cm i.d. glass column wet packed with 6 g activated Florisil
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(VWR, ON, Canada) in hexane. The sample was eluted from the column with 50 mL 
hexanes which was subsequently concentrated to 5 mL by roto-evaporator. A method 
blank (containing 2 g sodium sulfate) and an in-house reference tissue homogenate 
(Detroit River homogenized fish sample) were extracted with every batch o f five samples 
to monitor laboratory performance.
Chemical analysis was performed using a Hewlett-Packard 5890 gas 
chromatograph with 5973 mass selective detector (GC-MSD) and 7673 autosampler. 
Sample analysis conditions were identical to those followed in section 2.3.4. PCBs 
were quantified by comparing the sample response to the area for the equivalent 
congener in a secondary PCB Standard. The secondary PCB standard was obtained by 
combining Aroclor 1242, 1254 and 1260 mixtures (1:1:1) (35 pg/mL in 2,2,4- 
trimethylpentane; Accu Standards, CT, USA) and dilution to 50 mL. Concentrations of 
74 individual congeners within the secondary standard were quantified after serial 
dilution by GC-ECD using a primary PCB standard supplied by the Canadian Wildlife 
Service, Hull, PQ. Blanks and reference tissues, quantified during each batch o f sample 
extractions, were in compliance with the normal quality assurance procedures instituted 
by GLIER’s CAEAL certified organic analytical laboratory. Sample recoveries for the 
surrogate standard averaged 82 (±15%). All chemical concentrations were recovery 
corrected prior to data analysis.
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3.3.3 - Data Analysis
All mussel concentrations were lipid normalized and are expressed in units of 
iiig-g'1 lipid. Since mussels were deployed for varying amounts of time (i.e. 30, 60 or 90 
d) and were not likely in steady state with the water at the time of their sampling 
(O’Rourke et al 2004), individual chemical concentrations measured in the mussel tissues 
were converted to a steady state concentration value according to:
where Cm(SS) and Cm(t) are the steady-state corrected and time-dependent chemical 
concentration (jug-g'1 lipid) in mussel tissues, is the chemical elimination rate constant 
(d'1) and t is the amount o f time the biomonitor was deployed in the field (d). Elimination 
rate constants for individual PCB congeners were determined using the equation reported 
by O’Rourke et al (2004):
log k2 = -0 .59 • log K ow + 2.05 (2)
Sum PCB concentrations are defined as the summation o f all detected steady state 
corrected PCB congener concentrations measured in a given individual. Seasonal average 
sum PCB concentrations were calculated from the mean PCB concentration determined 
at a given sample site during time points 1, 2 and 3.
Principal components analysis (PCA; SYSTAT statistical software Version 11) 
was performed on the data set to examine for differences in PCB congener composition 
among the different sampling sites. To remove the effect o f concentration magnitude, 
relative concentrations were used in the PCA analysis by dividing individual PCB
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congener concentrations by the PCB 180 concentration value of a given sample. PCB 180 
was selected as a reference compound because it was detected in all samples analyzed in 
the study. The reference compound, defined to have a relative concentration value of 1 
for all samples was excluded from the PCA matrix. PCA cannot be completed on data 
sets containing missing (non-detected) data. Non-detected values were therefore replaced 
with random numbers below the reporting detection limit (0.5 ng-g'1 wet weight).
Random numbers were generated using Microsoft Excel random number function which 
assumes the data conform to a normal distribution. To avoid bias in the PCA ordination 
resulting from an excess o f missing data manufacturing, only PCB congeners detected at 
more than 60% of the sites were included in the analysis. This resulted in the inclusion of 
32 congeners in the final data matrix. Principal component analysis was performed on the 
above modified matrix using a correlation matrix with relative congener concentrations 
as dependent variables and samples as independent variables. Congeners observed to 
have a loading on a given PCA axis o f 0.7 or greater were considered to be strongly 
associated with that axis.
Analysis of variance (ANOVA) with Tukey’s post-hoc comparisons was used to 
test for differences in the seasonal average sum PCB concentrations between 1) combined 
U.S. versus Canadian sampling stations and 2) station-station differences occurring 
within U.S. or Canadian waters. Bartlett’s test was used to examine for heterscedasticity 
between sampling stations and Shapiro-Wilk’s test to examine for normality. Following 
Shapiro-Wilk’s test results, seasonal average sum PCB concentrations were logio 
transformed prior to ANOVA to establish a normal distribution.
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Analysis of variance with Tukey’s post-hoc comparisons was also used to test for 
site-specific temporal differences in steady-state corrected sum PCB concentrations 
established at time points 1, 2 and 3. This analysis was complicated by the pooling of 
replicate mussels collected during time points 2 and 3 during the chemical analysis of 
these samples. To facilitate such a comparison, replicate data (n=5 per data points per 
station for time points 2 and 3) were manufactured using a randomized, boot-strapping 
procedure. The data points were randomly generated according to a log-normal 
distribution using SIMTOOLS statistical package which requires input of the sample 
mean and standard deviation. For each station and time point, the measured pooled 
steady-state corrected sum PCB concentration was used as the mean concentration along 
with the site-specific standard deviation measured at time point 1. This approach assumes 
that the standard deviation, legitimately determined from replicate samples measured at 
time point 1, remained constant among individual mussels during time points 2 and 3. 
This assumption was tested for a subset o f sampling stations (LSC, RM, GLIER, Goy) in 
which PCB concentrations were determined for individual mussels at each time point. 
Bartlett’s test results indicated no significant differences (p<0.05) in the sample variances 
determined for steady-state corrected sum PCB concentrations at time points 1, 2 or 3 for 
any of the above stations.
3.4 -  Results
PCBs were detected in all o f the analyzed samples. Differences between the PCB 
congener composition across sampling sites were assessed by performing a PCA on 
relative congener concentrations as described in section 3.2.3. The first two principal
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component axes explained 83% of the total variation o f the data. Since none o f the PCB 
congeners were found to be strongly associated with component axes 3 through 30 and 
these axes explained only a trivial amount o f variance in the data, they were not 
considered further in the data interpretation. Table 3.1 summarizes the loadings o f each 
PCB congener onto component axes 1 and 2. All congeners, with the exception o f PCBs 
110, 118, 149 and 201 were strongly associated with the first component axis which 
explained more than 71% of the variation in the data. PCBs 118 and 149 were the only 
congeners that were strongly associated with the second component axis. There were no 
obvious trends, i.e. chlorine substitution patterns or physical-chemical properties, which 
might explain the different behavior o f PCBs 118 and 149 from the remaining congeners.
Sample scores for individual mussels from time point 1 and pooled mussels from 
time points 2 and 3 are summarized for component axes 1 and 2 in Figure 3.2. No 
obvious spatial trends in the clustering o f individual stations were evident (i.e. by 
country, by downstream location or among hot-spots). Only stations WP, MM and NPI 
exhibited obvious separation with respect to their sample scores from other stations. 
However, the clustering o f these stations was not consistent across time points. Figure 3.3 
provides representative relative congener profiles summarized as the mean congener 
profile for Canadian and U.S. Stations and for the above noted outlier WP, MM and NPI 
stations. As indicated through the PCA analysis, Canadian and U.S. stations generally 
exhibited similar congener profiles and the stations WP, MM and NPI exhibited marked 
differences only in the relative enrichment o f PCBs 118 and 149. Based on these results, 
it was concluded that there were no major site to site differences in the PCB congener 
profiles accumulated by mussel biomonitors across the different sampling stations. As
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such, all subsequent station to station and temporal comparisons were made against sum 
PCB concentrations.
Steady state corrected sum PCB concentrations ranged from 0.20 to 35.35 /tg g'1 
lipid among the individual samples. Table 3.2 summarizes mean steady state corrected 
sum PCB concentrations at each sample location and for each time point. The seasonal 
average sum PCB concentrations are also included in Table 3.2 and Figure 3.4. There 
was a highly significant difference (p<0.001; ANOVA) in the seasonal average sum PCB 
concentrations between Canadian and U.S. waters. The mean seasonal average sum PCB 
concentration for all Canadian sites (1.71±0.53 jug-g'1 lipid) was 5.4 fold lower than that 
from U.S. waters (10.07 ±2.21 /tg-g'1 lipid).
Station to station differences in seasonal average sum PCB concentrations are 
outlined in Figure 3.4. Across the Canadian sites, significant station to station differences 
in seasonal average sum PCB concentrations occurred between Riverside Marina (RM) 
and north Peche Island (NPI; p<0.05; Tukey’s) and between RM and south Crystal Bay 
(SCB; p<0.05; Tukey’s). There were no upstream to downstream longitudinal gradients 
apparent across the Canadian sites.
For the U.S. sites, highest seasonal average sum PCB concentrations occurred at 
the Ambassador Bridge (Amb), Ford Yacht Club (FYC) and Metropark Marina (MM). 
Both Amb and FYC exhibited significantly higher (p<0.05; Tukey’s) seasonal average 
sum PCB concentrations than the least contaminated U.S. station (Powder House Island; 
PHI). Seasonal average sum PCB concentrations at MM approached a significant 
difference (p = 0.053; Tukey’s) from PHI. PCB concentrations at Amb and FYC were 
also statistically distinguished (p<0.05; Tukey’s) from the most upstream U.S. station at
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Windmill Point (WP). Owing to the high PCB concentrations determined at the mid­
stream Ambassador Bridge location, no longitudinal gradient was evident across the U.S.
sites.
Figure 3.5 presents station to station trends in steady state corrected sum PCB 
concentrations for each time point. There were considerable fluctuations evident in sum 
PCB concentrations for a given location across the different time points. Using the boot 
strapping procedure described in section 3.2.3, ANOVA was used to test for temporal 
differences among steady-state corrected sum PCB concentrations across time for each 
sampling station (Table 3.3). Most stations demonstrated significant differences in sum 
PCB concentrations during the different time points, although several upstream U.S. 
stations exhibited consistent PCB concentrations with time.
3.5 -  D iscussion
The principal components analysis could not separate the different sampling 
stations based on PCB congener profiles with the possible exception o f MM, WP and 
NBI. The latter stations showed some enrichment o f PCBs 118 and 149, but few overall 
differences among the other major congeners present within the biomonitors. No major 
differences in PCB congener profiles were apparent between U.S. versus Canadian 
sampling stations (Figure 3.3), low versus high contamination areas or between 
upstream/downstream locations. In contrast to the present results, the UGGLCS (1988) 
report concluded that there was a decrease in the proportion o f lower chlorinated PCBs in 
whole water samples at downstream Detroit River transects compared to upstream
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transects. Gewurtz et al.(2003) reported the opposite pattern for mussel biomonitors, 
whereby Trenton Channel deployed mussels exhibited an enrichment o f lower 
chlorinated PCB compared to other Detroit River stations. The contrasting conclusions 
may simply indicate that variations in PCB congener patterns occur in time and space but 
that no distinct PCB signature is evident to distinguish background residues from more 
active point sources. This is not surprising given that open sources o f PCBs were banned 
for almost three decades and that congener profiles associated with most sources would 
have been subject to similar amounts of environmental weathering.
Past studies have identified widespread PCB contamination in the Detroit River, 
with the highest levels o f contamination being detected in the downstream reaches of the 
western U.S. shore and Trenton Channel areas (Kaiser et al., 1985; Metcalfe et al., 2000; 
DRMMF, 2003). Such trends have been observed to a limited extent in water (Froese et 
al., 1997; Metcalfe et al., 2000; Gewurtz et al., 2003), and biota (Leadley et al., 1998), 
but have been extensively characterized in sediments (Fallon and Horvath, 1985; Besser 
et al., 1996). The present survey provides the most comprehensive spatial survey of 
water-associated PCB residues in the Detroit River since that o f Kaiser et al. (1985) and 
consisted o f 24 sampling stations distributed equally in U.S. and Canadian waters and 
along the river length. Similar to recent high resolution surveys of sediment quality, the 
present work observed 5 fold higher PCB contamination in U.S. waters compared to 
Canadian waters.
Along the U.S. shoreline, highest PCB bioaccumulation was apparent at the 
Ambassador Bridge and at two locations downstream of the Trenton Channel. In a similar 
mussel biomonitoring study conducted on the Detroit River in 1998, Gewurtz et al.,
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(2003) observed elevated PCBs at the U.S. Ambassador Bridge and within Trenton 
Channel. The Ambassador Bridge station is located in close proximity to a former 
sediment remediation site (EPA, 2002) and residual contamination or continued release 
of suspended sediments from this site (Marvin et al., 2002) may explain the elevated 
bioaccumulation in this region o f the river. MM and FYC receive water directly from the 
Trenton Channel and are probably subjected to increased levels o f dissolved and 
particulate associated contaminants originating from point sources and contaminated 
sediment deposits well established in this section of the river (Furlong et al.,1988; Froese 
et al., 1997).
Major longitudinal gradients in bioavailable PCB residues were not detected 
along the U.S. or Canadian shorelines, even though significant gradients have been 
reported for sediment PCB contamination in this system (Metcalfe et al., 2000; DRMMF, 
2003). The failure to detect such trends may be related to the relatively low number of 
biomonitoring stations (n=24 sites) compared with high resolution sediment surveys (n = 
150 sites; DRMMF, 2003). The study did however observe higher PCB bioaccumulation 
at many U.S. sampling stations compared to residues representative o f Lake St. Clair. 
This confirms the general conclusion that active sources o f PCBs continue to occur 
within the Detroit River and that multiple sources are distributed along the U.S. shoreline. 
Recent surveys o f PCB sediment contamination have similarly concluded that upstream 
PCB sources (e.g. Connor’s Creek and Rouge River) continue to contribute to significant 
PCB loadings to the river (Kannan et al., 2001; Marvin et al., 2002; DRMMF, 2003).
Interestingly, PHI and WP were the only two U.S. sites having 
uncharacteristically low concentrations o f PCBs that were consistent with residue levels
80
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
measured at Canadian locations. WP is located at the headwaters o f the river and is most 
likely representative of Lake St. Clair PCB concentrations. Metcalfe et al (1997) also 
reported decreased bioaccumulation of PCBs in native Zebra mussels collected from this 
area o f the river. Although having a downstream U.S. location, Powder House Island is 
hydraulically separated from Trenton Channel waters by Gross Islle. As a consequence it 
appears to remain largely unaffected by PCB loadings along the U.S. shoreline. PHI, like 
many of the low concentration Canadian stations, is also located in close proximity to 
shipping channels and therefore may be subject to a plume of relatively clean water 
originating from Lake Huron (DRMMF, 2003).
Temporal differences in PCB concentrations were apparent at many o f the 
stations during the three month sampling period. Such differences are not unusual among 
water quality surveys (Froese et al., 1997) especially in systems as dynamic as the Detroit 
River, subject to considerable flow variability and storm events that lead to changes in 
erosion and organic carbon inputs to the water column. Despite this observed variability, 
major spatial patterns o f PCB contamination in water remained consistent over the open- 
water sampling season (Figure 3.5).
3.6 -  Conclusions
This study provided an extensive survey of spatial patterns in PCB concentrations 
in the water column of Detroit River using the freshwater mussel, E. complanata, as a 
quantitative biomonitor o f bioavailable contaminant residues. Results indicate that active 
PCB sources continue to exist within the Detroit River and that these sources are 
distributed predominately along the U.S. shoreline. Large deviations in seasonal average
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sum PCB concentrations were noted between the individual downstream U.S. and 
Canadian sampling stations along with minor temporal variations in residues measured at 
individual sampling locations. These observations suggest that differences in hydraulic 
conditions (Tsanis et al., 1996), locations o f point sources, sediment re-suspension 
patterns (Howdeshell and Hites, 1994) and storm events (Froese, et al 1997) contribute to 
chemically distinct water masses along latitudinal transects, especially in the downstream 
portion of the Detroit River. The spatial and temporal variation detected between sites 
suggests that multiple latitudinal sampling points, and temporal replication o f these 
stations along a downstream transect are necessary to produce accurate PCB loading 
estimates to Lake Erie. The current Environment Canada water quality survey is limited 
to two downstream sampling locations, with a third station to be implemented in 2004. 
While such a design may be capable o f detecting differences in persistent, 
bioaccumulative contaminant concentrations between U.S. and Canadian downstream 
waters, the design is clearly insufficient to provide an accurate estimate o f PCB loads to 
Lake Erie. Supplementing this direct water sampling design with synoptic surveys which 
use more economical methods o f time-integrated water analysis, such as the use of 
calibrated mussel biomonitors, is necessary to achieve the necessary spatial resolution of  
sampling sites to establish loading estimates of critical pollutants such as PCBs from the 
Detroit River.
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Table 3.1 -  Component loadings derived from principal component analysis o f steady 




PCB 31 0.907 -0.362
PCB 45 0.941 -0.256
PCB 52 0.914 0.097
PCB 49 0.809 -0.007
PCB 44 0.829 0.334
PCB 64/41/71 0.966 0.103
PCB 74 0.79 0.13
PCB 70/76 0.976 -0.045
PCB 56/60 0.886 -0.421
PCB 95 0.844 0.27
PCB 91 0.903 -0.132
PCB 92 0.883 0.091
PCB 84 0.928 -0.347
PCB 101 0.951 0.097
PCB 99 0.919 0.13
PCB 97 0.951 -0.081
PCB 87 0.827 0.289
PCB 85 0.914 -0.392
PCB 110 0.655 0.185
PCB 118 0.39 0.781
PCB 136 0.923 -0.356
PCB 151 0.951 -0.047
PCB 144/133 0.911 -0.384
PCB 149 0.645 0.738
PCB 146 0.911 -0.392
PCB 153 0.725 0.583
PCB 138 0.715 0.485
PCB 179 0.751 0.214
PCB 187/182 0.894 -0.012
PCB 183 0.929 -0.314
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Table 3.2 -  Steady state corrected PCB concentrations (pg/g lipid) as estimated by 
Ellipito complanata from spatial survey performed along the Detroit River.
TP1- Mean n= TP2(n=l) TP3(n=l)
Sitea (30 day 
deployment)





SamC 3.538 ± 0.725 5 1.311 1.297 1.285ab + 0.02
SLivC 0.848 ± 0.077 5 ND 2.249 1.254ab ± 0.995
BBD 2.781 ± 0.344 5 4.561 1.611 2.382ab ± 1.105
SCryB 1.565 ± 0.354 5 ND 0.198 0.367a ± 0.169
TI 4.123 ± 0.495 5 ND 1.324 1.423ab ± 0.099
SGI 2.295 ± 0.270 5 1.408 0.278 0.817ab ± 0.327
Goy 1.074 + 0.022 3 4.685 ND 2.879ab ± 1.806
GLIER 0.466 + 0.104 3 0.936 0.958 0.786ab ± 0.161
Ab 6.897 ± 1.224 5 1.623 1.04 1.700ab ± 0.405
NPI 1.125 ± 0.250 5 0.214 0.764 0.444a ± 0.165
RM 2.302 ± 1.229 3 6.275 3.09 3.889b ± 1.214
LSC 0.607 + 0.206 3 2.009 0.587 1.068ab ± 0.471
0
MM 24.868 ± 1.041 5 20.227 ND 14.557abc ± 5.67
SCell 13.940 ± 2.059 5 9.174 3.423 5.730abc ± 1.755
FYC 19.875 ± 1.632 5 35.355 10.156 17.439ab ± 9.01
Al 9.219 + 1.072 5 7.743 3.877 4.97 l abc ± 1.396
PHI 5.202 ± 1.141 5 3.034 1.329 2.023ac ± 0.517
NGI 9.940 + 0.578 5 ND 5.286 4.28 l abc ± 1.005
Grassy 11.970 ± 2.802 5 4.943 5.367 4.742^ ± 0.43
Mudd 4.975 ± 0.403 4 5.533 7.021 4.828abc ± 1.511
RRDS 4.856 ± 0.350 5 3.467 5.984 3.786abc ± 1.188
Amb 24.183 ± 6.083 5 22.837 33.578 21.406* ± 7.475
NBI 16.684 ± 0.894 4 6.251 4.088 5.28 l abc ± 0.634
WP 2.632 ± 0.508 5 4.351 5.123 3.490ac ± 1.266
-a Sites based on locations illustrated in Figure 3.1.
-Asterisk (») indicates mussels were not collected at this time point due to vandalism. 
-Within a country, sites containing different seasonal average subscript (a>b,c) are 
significantly different (p<0.05; Tukey’s comparison)
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Table 3.3 - ANOVA results for temporal comparison o f steady state corrected PCB 
concentrations detected in mussel biomonitors. Asterisk (*) indicates statistically 








Goy * — —
SGI * *
TI — * —















MM * — —
a Sites based on locations illustrated in Figure 3.1.
85
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
Figure 3.1 -  Bio monitoring locations within the Detroit River. Asterisk (*) indicates 
sites which were not included in statistical analysis due to loss o f mussels at two time 
points or more.
86




V ?  n
k *
Canadian Waters
A- Lake St. Clitti'LSC)
B- Riverside Marma (EM)
C- North Peek* Island I'WPl)
D- Abars ( Ab)
E- Great Lakes Institute tot Envsonm asalR t 
F- Ooyers Manna (Goyl
*  G-Turkey Creek (T Q
H- South Grassy Island (SGI)
I- Turkey island (TI)
*  J- River Canaid(RC)
K- SoiiliCrysi.il Bay (SCryB)
L- Bois Blanc Dad; (BBD)
M- South Amhsrstburg Clunna] (SAmCl 





4-Rouge River Downstream (RRDS)
5-Mud Island (Mud)
6-Gras sy fsland(Gr*ssy)
7-llorth Grosse lie  (MGI)
8-Abbey I sland ( AI)
9 -Powder House Island (P H )
10-Ford Yadit Club (FYQ
11-South Celason Island (SCell)
12-Metiopaik Manna (M M )
Kilom eters
87
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
Figure 3.2 -  Factor scores for two components extracted from principal component 
analysis for PCB concentrations detected by E. complanata deployed along the Detroit 
River at three separate time points. Sites denoted with a filled square (■ )  indicate sites 
sampled after 30 day deployment. Open circles (O ) indicate a 60 day deployment time. 
Stars (^ ) indicated a 90 day deployment period.
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Figure 3.3 -  Congener profiles o f sites that were (A) distinguished in PCA as having 
enriched levels o f PCBs 118 and 149 and (B) distinguished as showing no enrichment o f
any particular congener.
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Figure 3.4 - Comparison o f seasonal average steady state corrected .PCB concentrations 
detected by mussel biomonitors with in the U.S. (A) and Canadian (B) waters. X-axis 
represents the location in order o f distance from headwaters. Lines represent the 
geometric mean for each region. Error bars represent ±1 SE.
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Figure 3.5 -  Steady state corrected £PCB concentrations detected by mussel biomonitors 
in (a) US and (b) Canadian waters over the three month sampling period. Hatched bars = 
30 day deployment period, White bars = 60 day deployment, Grey bars = 90 day 
deployment. Error bars represents ±1SE. Solid line indicates 30 day deployment mean; 
dashed line indicates 60 day deployment mean; dotted line indicates 90 day deployment 
mean.
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The need for appropriate input parameters for environmental models has been 
well established (Mackay, 1989). Modeling exercises are central to decision making 
processes regarding the release and effect o f PBT substances into the environment.
There are many organizations involved with the management of the Detroit river system, 
all have proposed the implementation o f comprehensive monitoring programs along the 
whole o f the Detroit River to provide relatively frequent updates o f monitoring 
information, calculate reliable estimates o f PCB loadings as well as ensure a closer 
coupling of management and monitoring research to facilitate maximum environmental 
remediation (DRCCC, 1999, IJC, 1997, UGLCCS, 1988).
The use o f mussels in early biomonitoring surveys (Pugsley et al., 1988) has had 
limited applicability in achieving the above objectives primarily due to the inability to 
compare mussel tissue residues from independent surveys o f water quality (Metcalfe et 
al., 2000). Contaminant concentrations derived from these studies were only comparable 
on a qualitative basis due to failure to control for differences in individual mussels 
proximity to steady state at the time o f their collection and an inability to extrapolate 
bioaccumulated residues to ambient environmental concentrations. The development of 
calibrated toxicokinetic models and implementation o f controlled biomonitoring studies, 
in which animals are deployed for specific periods o f time, has overcome many of the 
above noted problems (Gewurtz et al., 2003).
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The conversion of time-dependent biomonitor accumulated contaminant residues 
to a steady state value is essential to compare concentration data among biomonitors that 
have been deployed for different amounts o f time. This requires the prior calibration of 
the biomonitor to ascertain the elimination rate constant (£?) for each chemical o f study. 
Chapter 2 o f this thesis focused on calibrating elimination rate constants for 
representative PCB congeners (PRCs) in the lab and field in the freshwater mussel 
Elliptic) complanata. E. complanata was selected for study because this species is 
indigenous to the Huron-Erie corridor, has been traditionally used in biomonitoring 
surveys of this region (Pugsley et al., 1985; Muncaster et al., 1989; Gewurtz et al., 2003) 
and because there exists a growing database on chemical toxicokinetic parameters for 
different classes o f persistent, bioaccumulative, toxic contaminants in this biomonitor 
(Russell and Gobas, 1989; Gewurtz et al., 2002; O’Rourke et al., 2004).
Recently, O’Rourke et al. (2004) determined k.2 values for 40 individual PCB 
congeners and established a generalized relationship for predicting PCB values based 
on the Kow of a given congener. In Chapter 2 o f this thesis, the above relationship was 
tested by independently measuring elimination rate constants for 5 PRC-PCB congeners 
that are not found within technical Aroclor mixtures or in the ambient environment. The 
results from Chapter 2 confirmed the generality o f the relationship reported by O’Rourke 
et al (2004). The slopes and intercepts were similar between the O’Rourke et al (2004) 
relationship derived for Aroclor-PCBs and the independently derived relationship 
determined for four non-Aroclor PCBs under laboratory depuration conditions. This 
confirmed that synthesized, non-Aroclor PCBs exhibit similar toxicokinetic behaviour as
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Aroclor PCBs and therefore are good candidate chemicals for use as PRCs to determine 
in-situ depuration behavior o f this class o f compounds.
The second objective of Chapter 2 was to verify that laboratory derived PCB k2 
values are applicable under in-situ conditions commonly experienced by field-deployed 
biomonitors. Borrowing a technique developed for the in-situ calibration o f semi- 
permeable membrane devices (SPMDs; Huckins et al., 2002), the non-Aroclor PCBs 
were used as PRCs. A synoptic study was performed in which three treatment groups of 
E. complanata, all dosed with the 5 PRC-PCBs, were allowed to depurate in the 
laboratory and at two field locations in the Detroit River. The study demonstrated no 
significant differences between the field and laboratory elimination rate constants for 
PCB congeners 61, 109 and 173. Differences in the elimination rate constants for PCBs 7 
and 23 were not determined due to the extremely rapid loss rates o f these compounds.
The maximum observed differences in congener specific k2 estimates were within a factor 
of three whether mussels were depurated in the laboratory or different field settings.
These differences were considerably lower then the estimated 80 fold variation in 
elimination rate constants experienced by SPMDs under ambient environmental 
conditions (Huckins et al., 2002). In the future, the use o f PRCs in mussel biomonitoring 
studies may be a useful tool to characterize variability in k2 values under more extreme 
environmental conditions than established in the present research.
Based on the observed variability o f k2 values in this species, a sensitivity analysis 
was performed to establish an optimal deployment time, whereby errors in the steady 
state correction factor are minimized. Based on these results, variation in in-situ k2 values 
can be expected to contribute to errors in the steady state corrected biomonitor PCB
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concentrations that are within a factor o f 4 o f the true value when mussels are deployed 
for a period of 30 d. Under such short deployment conditions, the use o f PRC-compounds 
may be desirable to account for variation in chemical exchange kinetics in individual 
mussels. The above errors can be substantially decreased (<2 fold error for congeners 
with log Kow  o f 7) when the deployment period is extended to 90 d. In the latter case, the 
use of PRC compounds to correct for variation in in-situ values would not likely 
produce more accurate steady state concentration estimates. This may be due to the 
difficulties o f precisely dosing individual mussels with the same concentration o f PRCs 
prior to deploying animals in the field. As such, mussel biomonitor deployment periods 
on the order o f 2 to 3 months are considered ideal for measuring time-integrated water 
concentrations o f highly chlorinated PCBs when using laboratory derived toxicokinetic 
parameters to interpret time-dependent biomonitor residues.
Chapter 3 o f this thesis described a spatial survey o f bioavailable PCB residues in 
the Detroit River as determined through the deployment o f E. complanata. While a 
number of recent surveys o f water quality have been implemented within the Detroit 
River (Froese et al., 1997; Metcalfe et al., 2000; Gewurtz et al., 2003: McCrea et al., 
2003), many of the studies were focused on limited sections o f the river or did not 
include a sufficient number of sampling stations to statistically compare U.S. and 
Canadian waters or longitudinal gradients o f water quality within the system.
Furthermore, the above studies used a variety o f techniques, including high volume water 
extractions, semi-permeable membrane devices and mussel biomonitors. The lack o f 
synoptic technique comparisons makes the integration and simultaneous interpretation o f  
these different surveys difficult.
99
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
Chapter 3 described a spatially comprehensive survey of water quality by 
implementing mussel biomonitors at 26 sampling locations within the Detroit River. 
Sampling stations were equally distributed between U.S. and Canadian waters and along 
the river length. Replicate samples were collected during 2002 following biomonitor 
deployments o f 30, 60 and 90 d. Principle components analysis was used to evaluate 
differences in the PCB congener composition detected at different stations. No major 
differences in congener distribution at the different sites were evident. This allowed the 
use o f sum PCB concentrations as a surrogate parameter to test for differences in seasonal 
average PCB concentrations between U.S. and Canadian waters and station to station 
differences in waters o f each international boundary.
As observed in recent surveys of Detroit River sediment quality (DRMMF, 2003), 
PCB concentrations in U.S. waters were found to be significantly greater (5 fold higher; 
p<0.001 ANOVA) than bioavailable residues determined in Canadian waters. No 
detectable longitudinal trends were apparent along the river length in Canadian or U.S. 
waters. However, most sampling stations in U.S. waters exhibited higher PCB 
bioaccumulation than apparent in Lake St. Clair. In Canadian waters, highest PCB 
concentrations were observed downstream of Little River, although the magnitude of 
bioavailable residues measured at this location remained well below the mean 
concentrations determined in U.S. waters. In the U.S., three biomonitoring stations were 
established as having significantly elevated bioavailable PCB residues compared to other 
U.S. sites. One station (Ambassador Bridge) was located near a former sediment 
remediation site and the other two sites were located downstream o f the Trenton Channel. 
The latter area has previously been established as an area containing high sediment and
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water PCB contamination (Furlong et al., 1988; DRMMF, 2003; Froese et al., 1997; 
Gewurtz et al., 2003) and active PCB loadings (Besser et al., 1996).
Temporal variability in bioavailable residues was apparent at many o f the station 
locations. Seasonal differences in water column PCB concentrations may be due to 
changes in chemical loading rates at point sources or due to differences in chemical 
partitioning within the water column that are related to changes in organic carbon inputs 
related to storm events or biological productivity (Froese et al., 1997). Despite the above 
noted temporal variation, major spatial trends in PCB contamination were found to be 
consistent with time. The observations reported in Chapter 3 support the conclusion that 
active sources o f PCBs continue to occur within the Detroit River and that the location of 
these sources are distributed at multiple (upstream and downstream) locations along the 
U.S. river length.
A final objective o f this thesis was to evaluate different sampling techniques (e.g. 
high volume water extractions, mussel biomonitors and SPMDs) for their ability to detect 
gradients in PCB contamination within water. Spatial gradients in bioavailable PCB 
residues between downstream U.S. and Canadian locations o f the Detroit River as 
derived from Chapters 2 and 3 were compared with equivalent datasets generated using 
high volume water extractions and SPMDs from previous studies. Table 4.1 provides a 
comparison o f the ratio o f PCB concentration gradients determined at two downstream 
locations (Trenton Channel and Amherstburg Channel) established using different water 
sampling techniques and among independent environmental surveys. Mussel 
biomonitoring studies at these two locations were available for the years 1998 (Gewurtz 
et al., 2003), 2002 (Chapter 3) and 2003 (Chapter 2). In each o f the three years, the
101
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
Trenton Channel site was shown to exhibit 7 to 14 fold higher bioavailable PCB residues 
compared with Amherstburg Channel. A similar gradient (6 to 10 fold gradient) was 
established in 2002 and 2003 using high volume water extraction techniques (McCrea et 
al., 2003), while SPMDs demonstrated a 20 fold difference (Metcalfe et al., 2000) in PCB 
residues at these two locations. In the latter case, PRCs were not applied in the SPMDs, 
and therefore the high gradient may be related to differences in PCB exchange kinetics 
within the samplers at the two locations. These preliminary results indicate that all three 
water sampling techniques have the potential to track gradients in PCB contamination 
with water o f the Detroit River. Future work will complete the above analysis by 
comparing PCB congener profiles in water as derived by mussel biomonitors and high 
volume water sampling techniques when the full results from Environment Canada’s 
water monitoring survey are made available.
In conclusion, calibrated mussel biomonitors are a useful tool to establish 
hydrophobic organic contamination of water and provide information about spatial 
gradients that are consistent with standard methods o f water sampling. The technique is 
considerably less costly to implement than traditional high volume water sampling 
techniques and therefore permits the establishment o f environmental surveys that employ 
larger numbers of sampling stations and temporal replication o f results at a lower overall 
cost. In addition, unlike passive samplers, chemical exchange rates between water and 
mussels tend to be highly consistent under different laboratory and environmental 
conditions. This allows interpretation o f bioavailable residues in biomonitors from 
different surveys or when organisms have been deployed in the field for varying amounts 
of time without the need for PRCs and in-situ sampler calibration.
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Table 4.1 -  Summary o f water sampling surveys o f PCBs conducted within the Detroit River.





Gewurtz et al.a 1998 20.214 2.01 1.40 0.67 14.43
O'Rourke (Chapter 3) 2002 19.875 1.632 2.781 3.44 7.146
O'Rourke (Chapter 2) 2003 17.439 1.151 2.381 3.60 7.323
Water (ng/L)
** Froese 1997 5-13 —
* Environment Canada 2002 6.670 — 0.635 - 10.504
** Environment Canada 2003 1.017 0.442 0.168 0.021 6.052
SPMD (ng/g triolein)
Metcalfe et al. 2000 414.000 - 21.000 - 19.714
a Values steady state corrected using relationship published by O’Rourke et al. (2004) 
* Water sample consists o f dissolve + particulate fractions.
** Water sample consisted o f dissolve fraction only.
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